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{Jberblick

Die harte R6ntgenemission hochgeladener Krypton und Xenon Ionen wurde mit-

tels konventioneller und neuentwiekelter Kristallspektrometer der yon H£mos und

DuMond Geometrie feinstrukturmg6ig aufgel6st und ihre Anwendung in Hinbliek

auf die Elektronen- und Ionentemperaturdiagnostik sowie die Ladungsverteilungs-

gleichgewichtbestimmung yon Hochtemperaturplasmen untersucht. Die Experimente,

die an den nieder- und hochenergetischen Elektronenstrahlionenfallen des Lawrence

Livermore National Laboratory durchgef/ihrt wurden, umfassen die Vermessung der

etwa 0.1 nm langen WellenlS.ngen der charakteristischen K-Schalenemission des helium-

artigen Kryptons (Kr34+) und des durch dielektronische Rekombination innerschalen-

angeregten lithiumartigen Kryptons (Kra3+), sowie die Vermessung der Ubergangs-

energien und Elektronensto6anregungswirkungsquersehnitte der Resonanzlinien des

helium- und wasserstoffartigen Xenons (Xe52+, XeTM) im 30 keV Bereich. Die

anregungsenergieselektive Untersuchung der dielektronischen KLL Resonanzen des

hochgeladenen Krypton Ions erm6glicht die genaue Interpretation der bei spektrosko-

pischer Untersuehung yon Plasmen erhaltenen Linienprofile dieser charakteristisehen

Emissionslinien. Die Gegen/iberstellung der gemessenen Elektronenstot3anregungs-

wirkungsquerschnitte des heliumartigen Xenons mit den theoretischen Werten zeigt

deutlich die Notwendigkeit der Miteinbeziehung der Breit Wechselwirkung.

Faehgebiet(e): Atom, Fliissigkeiten und Plasma, Optik;

Schlagw6rter:R6ntgenspektroskopie, Kristallspektrometer, Transmissionskristallspek-

trometer, hoehgeladene Ionen, Elektronenstrahlionenfalle. relativistische

und quantenelektrodynamische Effekte in Atomen, Elektron-[on Wech-

selwirkung, dielektronische Rekombination, Strahlungsrekombination,

Ladungsaustausch, Krypton, Xenon;



Abstract

Motivated by the need for establishing a reliable database useful for the application of

x-ray spectroscopic tools for the diagnostic of very high temperature plasmas, high-

resolution crystal spectrometer measurements have been performed investigating the

characteristic K-shell radiation of highly charged krypton and xenon. The measure-

ments, which have been performed at the Electron-Beam-Ion-Trap (EBIT) facility

of the Lawrence Livermore National Laboratory1, include the investigation of the n

= 2 ---, 1 transitions in heliumlike krypton (Kr34+) and innershell excited lithiumlike

krypton (Kra3+) utilizing a conventional reflection-type crystal spectrometer of yon

H~imos geometry. The electron-excitation-energy selective measurements map the

contribution of the dielectronic recombination lines providing the means of accurate

interpretation of the line profiles of the characteristic Ka x-ray emission of plasmas.

The high-resolution measurements of the n = 2 ~ 1 transitions in heliumlike xenon

(Xe52+) and hydrogenlike xenon (Xes3+) were based on a new transmission-type crys-

tal spectrometer of DuMond geometry. The resolving power of the developed spec-

trometer was sufficient for charge state specific observation allowing the determination

of the electron-impact excitation cross section for the hydrogen- and heliumlike Ka

transitions. The disagreement with theoretically predicted values is a measure of the

magnitude of the Breit interaction for the highly charged high-Z ions.

Subject(s): Atomic, Fluid and Plasma, Optics;

Keywords: X-ray spectroscopy, crystal spectrometer, transmission-type crystal spec-

trometer, highly charged ions, electron beam ion trap, relativistic and quan-

tum electrodynamic effects in atoms, electron-ion interaction, dielectronic

recombination, radiative recombination, charge exchange, krypton, xenon;

tThis work was performed under the auspices of the United States Department of Energy by

Lawrence Livermore National Laboratory under contract number W-7405-ENG-48 and supported

during the first year by the Office of Fusion Energy of the Department of Energy, Division of Applied

Plasma Physics.
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1 Introduction

The long-time goal of energy "production" by means of nuclear fusion, certainly, has

been a tremendous push for the whole field of plasma physics. Substantial advances

in the design and performance of the various plasma devices always depend on the

availability of appropriate tools for monitoring the proposed progress. Thus, the

development of diagnostic techniques and concepts has to go hand in hand with

those advances, it may even be the leading hand.

High-resolution x-ray spectroscopy, for example, has been successfully applied

as a very reliable diagnostic tool for high-temperature plasmas. Based on crystal

spectrometer measurements of the characteristic emission of heliumlike ions impor-

tant plasma parameters, such as ion temperature, electron temperature, charge state

distribution, and plasma rotation velocity can be determined. In case of very hot

plasmas with electron temperatures in excess of 10 keV, as it is expected for the next

generation fusion devices, characteristic x-ray emission is provided only by heavier

elements, i.e., elements that are not fully stripped in the given plasma conditions.

The most likely candidates for admixture to those plasmas are the noble gases kryp-

ton and xenon. Firstly, because the introduction of gaseous media can be controlled

precisely, secondly, because the chemically inert noblegases can be removed easily

from the plasma device, and thirdly, because krypton and xenon have sufficiently

high ionization thresholds of the 1-s electrons and, thus, are present in tile form of

heliumlike ions over a broad range of high-temperature plasmas. A correct interpre-

tation of the observed spectra, however, depends on tile availability of accurate data

with respect to the atomic structure and processes of the highly charged ions. The

need for establishing a reliable database that includes transition energies as well as

excitation, recombination, and ionization cross sections is, thus, the first step for a

successful application of spectroscopic tools. This thesis is a small contribution to

such a database presenting measurements regarding the characteristic K-shell radia-

tion of highly charged krypton and xenon.



Starting with a very brief introduction of the methods used for determination of

various plasma parameters by means of x-ray spectroscopy (Chapter 2), tile thesis

continues with a short overview of the investigated items, i.e., the highly charged

ions, with respect to their presence in todays experimental devices (Chapter a). All

measurements presented in this work have been performed on the Electron-Beam-Ion-

Trap (EBIT) of the Lawrence Livermore National Laboratory in Livermore, Califor-

nia. A description of the Livermore EBIT facility is given in Chapter 4 with a special

focus on the properties of the electron beam. Although this device was developed

only about a decade ago, it has become a corner stone in the highly-charged-ion

physics community. Several benchmark measurements have been made possible by

this outstanding (accelerator-free) facility. The instrumentation used for the spectro-

scopic measurements of the highly charged krypton and xenon emission is discussed

afterwards in Chapter 5, including the low-resolution broad-band germanium detec-

tors and the high-=resolution narrow-band crystal spectrometers of yon Hgmos and

DuMond geometry. The position-sensitive x-ray detector used in context with the

yon Hgmos spectrometer is mentioned in this chapter, too. Chapter 6 presents the

measurements of the n = 2 =-+ 1 transitions in highly charged krypton utilizing the

yon Hgmos crystal spectrometer. In particular, the wavelengths of the heliumlike

transitions and the innershell excited lithiumlike transitions have been determined.

Investigation of the dielectronic recombination resonances involving K-shell electron

excitation lead to the identification of the lithiumlike satellite lines in the heliumlike

krypton spectrum. Wavelength determinations are also part of the measurements of

heliumlike and hydrogenlike xenon discussed in Chapter 7. The main focus of this

chapter, however, is devoted to the determination of the electron-excitation cross sec-

tions of the n = 2 ~ 1 transitions. This measurement required the implementation

of a high-resolution crystal spectrometer in the hard x-ray regime with the special

requirement of high efficiency due to the low x-ray flux provided by EBIT.

The present work demonstrates the feasibility of transferring x-r~ spectroscopical



plasma diagnostics to the next-generation plasma devices, which might enter tem-

perature regimes for which no hard x-ray instrumentation has yet been developed.

Besides the instrumental component the present work also includes measurements

that benchmark the current understanding of the atomic structure and processes

needed for successful application of the spectra to high-temperature plasmas.

3



2 Plasma diagnostics based on x-ray spectroscopy

The pgrameters of interest to plasma diagnostics are the particle densities, charge

state distributions, level population densities, the kinetic energies of the particles,

and the radiative properties of the plasma. Generally, all these parameters show a

time dependence and a spatial distribution. Depending on the state of equilibrium

a more or less extensive set of quantities is needed for the characterization of the

investigated plasma, i.e., the determination, of the plasma parameters.

Various methods are applied for measuring the desired quantities (e.g., I1, 21 )

which, basically, could be divided into intrusive and non-intrusive methods. The

latter is clearly the preferable group since the object of investigation is undisturbed

by the measurement. Spectroscopic diagnostic of the emitted radiation of the plasma

is such a non-intrusive method t31. In principle, there are three kinds of electronic

transitions which contribute to the radiative appearance of the plasma:

¯ free-free transitions, where some part of the kinetic energy of the electron is

converted into a photon; These transitions produce a continuous spectrum, the

Bremsstrahlungskontinuum. The total kinetic energy represents the upper limit

with respect to the photon energy.

¯ the free-bound transitions, which are indicators of a recombination process.

These transitions yield characteristic edges in the spectra due to the character-

istic binding energy which together with the initial kinetic energy of the electron

is released in form of a photon. The binding energy is. thus. the lower limit of

the characteristic edge.

¯ bound-bound transitions, which are the origin of the characteristic lines in the

emitted radiation.

The bound-bound transitions contain most information with respect to the plasma

parameters. The energy of the characteristic spectral lines, allows the identification

4



of the elements in the plasma, the intensity is proportional to the particle density

and the population density of the upper level, which is a measure of the excitation

stage. The relative intensity of lines emitted by different ion species leads to the

charge state distribution, and the line intensity ratio of lines emitted by the same ion

species is sensitive with respect to the electron density. A very important spectral

property is the line profile, which carries information about the kinetic energy of

the ions2 and, thus, is used for the detern:b:ation of the ion temperature. However,

a correct interpretation of the profile has to account for the opacity of the plasma.

Although several models have been developed considering significant re-absorption of

the emitted radiation in the plasma ]41, applying spectroscopic plasma diagnostic tools

to optically thin media yields a much higher accuracy with respect to the inferred

plasma parameter. Therefore, it is preferable to utilize the high-energy regime of

the electromagnetic radiation, i.e., the x-ray radiation, because most plasmas are

optically thin with respect to high-energy photons.

Since the deduction of the plasma parameters depends on line specific quantities,

such as the profile and the intensity of the observed spectral line, a high resolving

power of the spectrometer is of utmost importance for spectroscopic measurements.

The need for well separated lines also favors the investigation of spectra emitted

by few-electron ions. The ion species of choice utilizing x-ray spectroscopy are the

members of the heliumlike isoelectronic sequence due to

¯ the simplicity of the spectrum emitted by heliumlike ions;

¯ the high fractional abundance of the heliumlike ion species achievable over a

large (electron-)temperature intervai due to the large difference between the

binding energies of the lithium- and heliumlike ground-state electron; The

fractional abundance is also the reason for not focusing onto the hydrogenlike

emission although spectra emitted by hydrogenlike ions would be best suited

2For the sake of simplicity only ions are addressed, which is justified when speaking about the

very high-temperature plasmas. ’i



for line-shape characteristic investigations because of the advanced theoretical

understanding.

¯ the requirement of optical thinness with respect to the characteristic emission,

which makes K-shell transitions favorable;

Usually, the spectroscopic investigation of plasmas in fusion devices was based on

the characteristic emission of impurities intrinsic to the plasma devices. Advances

with respect to the reduction of impurities, however, require the deliberate introduc-

tion of trace "impurities". The use of such seed elements has, actually, become the

preferred method because it offers control of the type of element and the amount of

material that should be admixed into the plasma. Thus, the element can be chosen,

that will reach the heliumlike charge state in appreciable abundance at the given

plasma conditions. The freedom of choice regarding the element type also allows the

extension of’spectroscopic plasma diagnostic tools to the next generation tokamaks,

which may have electron temperatures in excess of 30 keV. Thus, reliable measure-

ments of the central ion temperature in such hot plasmas require trace amounts

of high-Z material in the plasma core region -- prime candidates are krypton and

xenon. The characteristic radiation of high-Z elements, however, is part of the hard

x-ray regime and successful implementation of the diagnostic tools depends on the

development of spectroscopic instrumentation applicable to this photon energy.

The ion temperature diagnostic, for example, is based on the measurement of the

Doppler broadening of the spectral line. The measured line profile also contains the

apparatus profile3and the Doppler profile has to be derived by means of deconvolu-

tion. Calculating t’he Doppler broadening for a spectral line AED an estimate can be

given for the lower limit of the resolving power of r.he spectrometer ~E SO that the

deeonvolution can be performed quite comfortably, i.e.,

ZXED = Eh~i~In(2)mc0 k~?- ~ (2.1)

3AI1. other line broadening mechanisms are neglected for this estimate.



(2.2)
AE =~/81n(2) Eth 

where Em= m Co2 is the total energy of the ion, m the ion mass, Co the speed of

light in vacuum, and Eth = ks T is the thermal energy of the ion, kB the Boltzmann

constant, and T the ion temperature 4. In Figure 2.1 this lower limit of the spectral

resolving power isdisplayed in form of a contour plot, including the binding energies of

the ground state electron in lithiumlike and hydrogenlike ions. The plot shows that

spectral resolving power of 1500 allows the detection of 5-keV hot krypton ions or 7-

keV hot xenon ions. The advantage of using xenon is only apparent when extremely

high temperatures are present, i.e., temperatures sufficient to ionize hydrogenlike

krypton (~ 18 keV). So far, the observation of the hard x-ray emission of highly

charged ions has been limited to low-resolution spectrometers with resolving powers

of approximately 100, e.g., germanium detectors. In Chapter 5 a transmission-type

crystal spectrometer is introduced capable of high-resolution measurements in the

hard x-ray regime. The measurements performed with this spectrometer (see Chap-

ter 7) demonstrated an improvement of more than an order of magnitude with respect

to the resolving power of germanium detectors and, thus, the feasibility of the imple-

mentation of spectroscopic diagnostic tools for the ion temperature determination in

very high-temperature plasmas.

4It is common practice in the field of plasma physics to express temperatures in energy units and,

therefore using the symbol T instead of Eth. Correc. tly, one should always use the expression kB T,
K¯ 1 = 11604.448(99)

where kB is the Boltzmann constant: ~
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Figure 2.1: Spectral resolving power required for ion-temperatm’e diagnostic. The

values are calculated using the Doppler width expected for a given ion temperature

and serve as a lower limit for the resolving power at which the deconvolution of

apparatus and Doppler profile can be performed quite comfortably. The dashed

lines mark the enm:gies necessary to remove the lithiumlike ground-state electron

(Eion Li-like), thus, producing heliumlike ions, and the hydrogenlike ground-state

The ion mass represents the
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3 Highly Charged Ions

A definition of highly charged ions is.given in Ref. [5], namely, that ions should

be considered highly charged if the number of the remaining electrons is less than

half the number of protons in the nucleus. According to this definition the first

experimental evidence of highly charged ions by spectroscopic means was obtained

by Edldn and Ericson in 1930, observing the Lyman series of hydrogenlike lithium,

Li2+ in a spark source 16]. The emission spectra of various highly charged ions have

been observed in astrophysical plasmas, e.g. the solar spectra 17, 8, 9], and several

laboratory plasmas, such as tokamak plasmas [3, 101, laser produced plasmas [11,121,

and Z pinches I131, since. Besides their application with respect to plasma diagnostics,

spectra of highly charged ions are also a subject of intense research interest from the

atomic physics point of view. Especially the few-electron highly charged ions, e.g.,

the isoelectronic species of hydrogen, helium, and lithium, provide an ideal setting

for testing approaches to solve the many-body problem.

3.1 Atomic physics of few-electron highly charged ions

Already the spectroscopic investigation of hydrogenlike helium, He+ by Fowler [141

and Paschen 1151 has proven a successful guidance of theory demonstrating the fea-

sibility of the Bohr model. The first experimental evidence of ionic line emission

in thex-ray regime by Siegbahn and StenstrSm [16] and of spectra from multiply

charged ions by Paschen [!7], and Fowler 118] lead to the discovery of the "irregulgren

Dublettd’ 119, 20, 21] , and nourished the development of the theory of the finestruc-

ture in the atomic spectra I22, 23, 24, 25, 26] .

Driven by a steady increase in the precision of the experimentally achieved values,

the theoretical treatment of the atomic structure and processes becomes more and

more detailed, and accounts, for example, for relativistic effects, quantum electrody-

namical (QED) effects, such as the vacuum polarization and tile self energy, magnetic
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interaction between the electrons, such as the Breit interaction, and nuclear size ef-

fects, e.g. the spatial charge distribution of the nucleus or the spatial distribution of

the nuclear magnetic moment, referred to as Bohr-Weisskopf effect. Unfortunately,

no analytic solution of the Schr6dinger equation can be given for many-body con-

figurations. In fact, even the analytic solution obtained for the hydrogen atom is,

strictly speaking, an approximation since the Dirae energies are calculated under the

assumption of a point nucleus, i.e., that the proton does not have a spatial extension

and an internal structure, respectively. Systematic studies of the various’contribu-

tions to the atomic structure and processes lead to the approximate sealing behavior,

i.e., the dependence upon the nuclear charge Z. A comparison of the Z scaling for

some characteristic quantities with respect to the atomic structure and processes is

given in Table 3.1.

Table 3.1: Dependence of some characteristic quantities with’respect to the atomic

structure and processes on the nuclear charge Z. The effects with a stronger-than--

quadratic dependence are enhanced in high-Z elements.

Quantity

Atomic radius

Dirac energy

Fine structure splitting

Hyperfine structure splitting

QE.D

Electron-impact excitation cross section

Electron-impact ionization cross section

Photoionization cross section

Z dependence

Z-1

Z2

Z4

Za

Z4

Z-4

Z-4

g-2
,=

Due to thedifference in the Z dependence, high-Z elements provide a more sensitive

platform for tests of some effects. QED contributions, for example, scale with higher
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power of Z than the Dirac energies and, thus, the effects of QED are enhanced in the

spectra of the heaviest elements.

3.1.1 Hydrogenlike ions

The hydrogenlike isoelectronic sequence is without a doubt the theoretically most

accurately described series. The currently most quoted theoretical predictions for the

energy of the n = 1 and n = 2 states in all hydrogenlike ions (1 _< Z _< 110) are from

Johnson and Soft 127]. The calculations contain three parts, i.e., the Dirac Coulomb

energy, the reduced mass correction, and the Lamb shift. The Lamb shift, originally

defined as the energy difference between the 2sl/2 and the 2pl/2 level ]28], includes, by

convention [29], all corrections beyond the point nucleus Dirac eigenvalue except the

non-relativistic reduced mass correction and contributions due to the intrinsic degrees

of freedom of the nucleus, e.g., hyperfine structure. The Lamb shift values calculated

by Johnson and Soft, for example, reflect the self energy, the vacuum polarization,

the finite nuclear size, and the relativistic recoil correction.

The presumed accuracy of their calculated values, e.g., 2.9 ppm for the Ly-al

transition energy in Xesa+ or 28 ppm for the same transition in Um+, has not been

matched with any experimental methods, yet. So far. almost all experimental results

agree with the theoretically predicted values within the uncertainty limits s I301. Re-

cent improvements in the determination of the energy levels including second~)rder

QED corrections [31], however, have shown significant changes with respect to the

values calculated by Johnson and Soft. In case of hydrogenlike uranium, for exam-

ple, the energy of the l-s level shifted by more than 50 ppm, i.e., almost twice the

uncertainty that Johnson and Soft assigned to their calculated values.

Although, the goal is to "test QED", most measurements that have shown suffi-

5Actually, about one third of the measured values should disagree according to the definition of the

l-a confidence limit. The extremely high percentage of agreement indicates a general overestimation

of the uncertainty limits in the experimentally achieved values (Beiersdorfer, private communication).
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cient precision to be sensitive to the QED contributions revealed that for the high-Z

elements the uncertainties are dominated by the uncertainties regarding nuclear prop-

erties, e.g., the nuclear magnetic moment. Therefore, either a reevaluation of experi-

mentally obtained nuclear data is necessary or based on the reliability of the theory of

QED in the low-Z regime, the high-resolution spectroscopy of highly charged high-Z

ions can be used as a new diagnostic tool for nuclear properties 132, 33, 34, 351 ̄

3.1.2 Heliumlike ions

Spectra of heliumlike ions have been a subject of intense research interest, since these

ions are the simplest of all multielectron systems, and therefore, are an ideal testbed

for developing and improving approaches to solve the many-body problem and to

account for the electron-electron interaction. Following overview is limited to the

n = 1 and n = 2 levels and, thus, to the four main heliumlike Kcr transitions, i.e.,

ls2plP1 --, ls21So, ls2pap2 --* ls21So, ls2pap1 --, ls21So, and ls2saS1 --* ls21S0.

Out of the several theoretical predictions for the energy levels in heliumlike sys-

tems, three recently published methods are discussed briefly, The most complete

compilation of the n = 1 and n = 2 energy levels including all elements of the helium

isoelectronic sequence up to Z = 100 is given by Drake [36[. The unified method

which is described inthat paper combines high-precision nonrelativistic variational

calculations with relativistic and quantum electrodynamic corrections. The high-

precision variational result essentially represents the sum of all terms of a commonly

used 1/Z expansion of the energy. Thus, the unified method accounts for all terms

in the first order relativistic corrections regarding the Coulomb and. the Breit inter-

action between the electrons and the mass polarization. The QED corrections in

Drakes calculations represent the sum of all "known" one- and two-e]ectron QED

corrections of order (~:s,ct being the fine structure constant. The finite nuclear size

corrections in Drake’s calculations have been constructed from the one-electron shifts

tabulated by Johnson and Soft 127[. The unified method also contains a term that
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accounts for the jj ----, LS recoupling transformation since the LS coupling scheme

is only appropriate for the low-Z regime. The intermediate and high-Z regime is

better described using the jj coupling. A somewhat improved treatment with re-

spect to Drake’s calculations is given by Plante et al. I37I. Plante et al. present an

all-order many-body-perturbation theory (MBPT) including corrections of order 4.

Surprisingly, the QED effects are excluded in their "all-order" calculations. The in-

stantaneous Breit interaction is treated as a perturbation and a frequency-dependent

correction of tile Breit energy is included along with the second-order effect of two

Breit interactions. The mass polarization and QED corrections, however, are taken

from Drake’s calculation and it was shown recently by Persson et al. 131] that those

QED values are not satisfactory for the high-Z regime. A third approach for predict-

ing the n = 1 and n = 2 energy levels in heliumlike ions has been made by Cheng et al.

using large-scale relativistic configuration-interaction calculations. The calculations

by Cheng et al. , however, include several thousand configurations as a basis set for

determination of the eigenvalues and eigenvectors of the Hamiltonian matrix. The

relativistic corrections are treated similarly to the calculations by Plante et al., i.e.,

also accounting for a frequency dependent Breit correction. The QED corrections are

from ab initio calculations of the vacuum polarization and the self-energy in local

central potentials that are screened by the moving electron itself 138, 391.

Tile differences between those theoretical predictions mentioned above are very

small. Inferring the Ka transition energies from the theoretical energy level values, a

variation of only 28 ppm for the heliumlike krypton transitions energies is obtained

and for the heliumlike xenon transitions, for example, the energy values are separated

by less than 46 ppm. However, the differences increase with the atomic number Z

and, thus, experimental results are necessary in order to guide the development of

accurate theoretical approximations.
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3.1.3 Electron-ion collision processes

In context with the presented measurements, there are mainly three different electron-

ion collision processes that account for the characteristic x-ray emission, i.e., direct

excitation (DE), radiative recombination (RR), and dielectronic recombination (DR).

A sketch of these three processes is given in Figure 3.1. The x-ray energies emitted

E E

ll...b~

"la

.2

DE

r~= l

t

RR

iff.~

:V-
11=2

n=l

N...~va

n=2

.ca

n=1

DR

Figure 3.1: Sketch of some electron-ion collision processes in an energy-time dia-

gram. (a.) shows the direct excitation of a n = 1 --~ 2 transition in the ion due 

electron impact followed by radiative decay emitting the characteristic n = 2 --+ 1

line radiation. The radiative recombination process is sketched in (b). The energy

of the emitted photon is the sum of the kinetic energy of the free electron and the

binding energy of the level onto which the electron recombined. The dielectronic

recombination shown in (c) is a resonant process, where the kinetic energy Ek~n

of the electron together with the binding energy Eb that is released due to the re-

combination process match the excitation energy of a n = 1 -+ 2 transition. The

characteristic line emission is slightly different fl’om the DE process due to the re-

combined "spectator" electron. Note, that the energy could be also released in form

of a photoelectron (autoionization).

following a recombination processes, either RR or DR, are higher than tile kinetic

energy of the colliding electron. The energy of the emiCted characteristic x ray fol-

lowing a DR process is, however, slightly decreased due to the additional electron

14



that was gained in the recombination process. The direct excited line spectrum of

the n = 2 ---, 1 transitions in a heliumlike ions usually contains several DR lines,

i.e., n = 2 --* 1 transitions from, e.g., lithiumlike ions. Those DR lines, thus, are

situated typically on the low-energy side of the DE transitions and due to the small

energy difference with respect to the overall transition energies these DR lines are also

known as DR satellite lines. The DR resonances are denoted according to the shells

which are occupied in the excited ion, for example, KLL resonance describes the DR

process where a heliumlike ion resonantly captures an electron onto the L--shell with

simultaneous excitation of a heliumlike ground-state electron into the L-shell, i.e.,

ls2 + e- ---, ls2s2p or ls2p2p.

The importance of DR was already discussed by Burgess 1401 in the context of

laboratory and astrophysical plasmas. A comprehensive theoretical model allowing

the assignment of all DR lines was given by Gabriel [41]. Gabriel also included a

simple notation for the heliumlike and all lithiumlike KLL resonance lines. The fact,

that there are four n = 2 --, 1 transitions and 22 lithiumlike DR transitions motivated

Gabriel to use the alphabet. Therefore, the four heliumlike Ka transitions are named

w, x, y, and z. All other letters denote lithiumlike innershell transitions.

3.2 Production of highly charged ions

The occurrence of highly charged ions in various laboratory plasma devices (tokamaks,

high-power laser facilities, Z-pinch devices, vacuum sparks) was already mentioned

at tile beginning of tile chapter. Additionally, there is a set of experimental facilities

especially designed for the production of highly charged ions:

¯ Electron Cyclotron Resonance (ECR) sources 1421; The source of the highly

charged ions is a magnetically confined plasma which is resonantly, i.e., in

resonance with the electron cyclotron frequency, heated by microwaves. The

gyrating electrons gain sufficient kinetic energy that an ionization takes place

upon collision with a neutral or ionized particle in the ECR pl~ma.
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¯ Heavy-ion storage rings -- beam-foil spectroscopy [431i A thin foil is prepared

as a target for an accelerated ion beam. Upon penetration through the foil the

fast ions are stripped.

¯ Electron Beam Ion Sources (EBIS) {44[; An electron beam with a high current

density is sufficiently accelerated for ionizing the magnetically confined ions.

¯ Electron Beam Ion Traps (EBIT) (see Chapter 4); In principal, the same as 

EBIS but with a better and spatially shorter ion confinement.

16



4 The Livermore Electron Beam Ion Trap Facility

The design of an Electron Beam Ion Trap (EBIT) is based on the layout of an Electron

Beam Ion Source (EBIS) but it has a much shorter drift tube6 region, in particular

about 2 cm which is more than an order of magnitude smaller than the typical length

of axial confinement in an EBIS 144[. With the shorter trap region most instabilities

’of the ’electron beam can be avoided and the trapping time of the ions can be increased

up to several minutes or even hours 145]. Due to this increase in confinement time

it is possible to reach much higher charge states in an EBIT than in an EBIS. Even

bare uranium ions (U92+) have been produced and trapped at the Livermore EBIT

facility [461. Currently, the LLNL EBIT facility has two fully operational machines,

EBIT, also known as EBIT II, and SuperEBIT which is a high-energy upgrade of the

original EBIT I device. The main difference between EBIT and SuperEBIT is that

the latter is capable of employing a higher electron beam energy. A more detailed

discussion about the differences between EBIT and SuperEBIT is given below. A

third machine, an intense EBIT (IEBIT) which has been designed by Marrs et al.

[471 is currently under construction.

The major components of an EBIT are the electron beam optics (axial and radial

Steering elements, i.e., electrostatic and magnetic components, respectively) and the

injection systems for ions, atoms, and molecules. A schematic outline of the main

features is shown in Figure 4.1 (Page 18). The following sections give a brief descrip-

tion of these components and the requirements in respect to the vacuum system and

the cryogenics. Furthermore, a short introduction to the different modes of operation

regarding the electron-beam energy is given and the main differences between EBIT

and SuperEBIT are discussed. At the end of this chapter an attempt is made to give

an overview of the status of all the EBIT facilities which have been built in the mean

time emphasizing the success of this extraordinary tool for atomic physics and related.

fields.

6The drift tubes are the electrodes responsible for axial confinement of the ions.
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Figure 4.1: Schematic outline of the main components of EBIT. A detailed descrip-
tion of the labeled components can be found in the various sections of this chapter.

The labels t, mi and b denote the top, middle, and bottom drift tube.

4.1 Electron beam

4.1.1 Electric fields --

optics in an EBIT

electron beam production and acceleration
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4.1.1.1 Electron gun

The source of the electron beam is a Pierce-type electron gun7. A cross section along

the optical axis is pictured in Figure 4.2. The spherical geometry of the cathode,

which measures 3 mm in diameter, produces a focal spot of the emitting electrons

which is almost an order of magnitude smaller than the diameter of the cathode

itself, in particular, 360 #m 149]. The focus electrode is necessary to compensate the

"missing" electrostatic field due to the fact that the concave surface of the cathode

describes only part of a sphere. The smallest aperture of the electron beam, however,

can only be obtained if no magnetic field is present (see also Section 4.1.3.1). The

Figure 4.2: Axial cross section of the Pierce-type electron gun: The cathode is

3 mm in diameter and has a spherical shaped surface. The field of the focus elec-

trode guides the emitting electron towards a 360-#m wide focal spot. The electron

beam current is controlled by the potential difference between Anode and Cath-

ode, assuming space charge limited operation. The electron guns used in EBIT and

SuperEBIT have a perveance of about 0.6 #perv, see eq.(4.2).

electron guns are equipped with a dispenser cathode which consists of a tungsten

substrate and a barium layer. The barium diffuses into the tungsten and lowers the

electron work function of the cathode material, i.e.. the minimum electron energy

necessary to escape from the cathode. In particular, the work function of tungsten

is ~w = 4.53 eV. For a tungsten-barium mixture it is reduced to ~w,Ba = 2.00 eV

(values taken from Ref. 1501). The drawback of using barium is the fact that is easily

7Named after J.R. Pierce, see also Reference [48]. The electron guns employed at the EBIT

faciliW are commercially available at Raytheon Manufacturing Company, Waltham, MA. This type

of electron gun was originally designed for use in microwave tubes.
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oxides, which makes it necessary to keep the whole electron gun assembly under

vacuum or in an inert-gas environment.

The maximum current density j which can be extracted from metallic surfaces can

be expressed by the Richardson-Dushman equation I51, 52],

j= AT2e-~ (4.1)

T is the temperature of the filament, 49 the work function, and k the Boltzmann

constant. In the original work by Dushman [521 the constant A is called the universal

emission constant and is equal to 2~r k2rneeh-3 = 60.087(1) ¯ ~, where me is the
electron rest mass, e the elementary charge, and h the Plan& constant. The number

in parentheses is the uncertainty in the last digit s, Later, experimental evidence was

obtained that the constant A also depends on the cathode material9. Table 4.1 shows

the sensitivRy of the maximum current based on thermionic emission in respect to

the cathode temperature and the work function.

¯ However, the saturation current density at a given cathode temperature can only

be achieved if the electric field strength in front of the emitting surface is high enough

to extract all the emerging electrons. Otherwise the space charge of the emitted but

not extracted electrons increases the work function and. thus, lowers the saturation

limit of the emission current density. In the space-charge limited regime the current

density is, according to Child-Langmuir law 154, 55, 561, proportional to the electron

3 a
acceleration potential to the power of ~ (j o< U~, with U being the acceleration po-

tential). Hence, for electron guns operated in the space-charge limited regime the

’ electron-bemn current only depends on the anode potential. The proportionality be-

tween the beam current I, and the anode pgtential U, more specifically, the potential

difference between cathode and anode, is defined as the perveance,

I
P - (4.2)

U~
8For values and uncertainties of physical constants please see Section A (page 194)

9Sometimes, a separate factor is used to incorporate the material dependence, i.e., eq.(4.!)

changes to j = A G T2e- ~. For most metals the factor G equals 2.
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Table 4.1: Maximum thermionic emission current with respect to the cathode tem-

Perature T and work function ~, according to eq.(4.1). For a barium impregnated

tungsten cathode the constant A is equal to 1 ¯ A (Ref. [53]) The cathode
mm2K2

area of the electron guns used at the EBIT facility is ~ 7.1 mm2 and about 3 to 4

Watt ohmic heating is applied to achieve cathode temperatures around 1300 K to

1400K.

T kT I (mA)

K eV ~=2.06eV ~=2.01eV ~=1.96eV

1300 0.1120 123 193 301

1350 0.1163 263 404 621

1400 0.1206 532 805 1219

The perveance P depends on the geometry of the whole electron-gun assembly, the

material and surface structure of the cathode, and may also include parameters spe-

cific to the whole experimental setup, e.g., type and pressure of the rest gas in the

evacuated electron-gun housing. The definition of the perveance, however, is inde-

pendent of any specific type of electron gun. Therefore, the perveance can be used to

characterize all kinds of charged particle sources. Commonly used units for the per-

veance are perv, p, and ~ (1 perv= 1 p= 1 --~ ). According to eq.(4.2) perveances

in the order of 0.7-10.8 perv = 0.7#perv for EBIT and 0.6pperv for SuperEBIT are

obtained for typical operating parameters (I = 200 mA, U = 4.2 kV for EBIT and

I = 250 mA, U = 5.5 kV for SuperEBIT).

4.1.1.2 Trap and Collector

After leaving the anode the electrons are accelerated ’towards the transition electrode

and then towards the trap region, which consists of three electrodes, referred to as

bottom, middle, and top drift tubes. The transition electrode, located between the
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anode and the bottom drift tube, allows the adjustment of the gradient of the accel-

erating field seen by the electrons and, thus, allows for a smooth "transition" from

the electron gun to the trap region. The drift tubes provide the electrostatic trap

for the ions in axial direction. The special geometry of the drift tubes, displayed in

Figure 4.3, creates a short potential well with a very fiat bottom along the spectro-

scopically accessible height of the trap and steep constantly sloping sides. The short

length of the well is important to gain high ion densities and the nat bottom ensures

an equal density distribution in axial direction. The potential outside the well has

decreasing slopes in both directions due to the change in diameter of the top and

bottom drift tubes. This makes it easier for very hot ions to escape ’which improves

the so called evaporative cooling (more in Section 4.4).

After passing the top drift tube the elections are decelerated and hit the collector.

Deceleration reduces the hardness of the Bremsstrahlung and the heat load onto the

collector electrode. An additional electrode, the suppressor electrode, is installed

between the top drift tube and the collector. This electrode prevents secondary

electrons sputtered from the .collector from reaching the drift tubes. A sketch of

the potential distribution along the electron-beam axis can be found in Figure 4.15,

page 60.

4.1.2 Magnetic fields

Along the drift tubes a high magnetic field is applied parallel to the electronbeam

axis, compressing the electron beam to a diameter of 50... 90 #m [49,581. The mag-

netic field is provided by a set of niobium-titanium~° coils in Helmholtz geometry

which are operated in superconducting mode. At a current ofi60 Ampere they cre-

ate a magnetic field of about 3 Tesla varying less than 0.02% in axial direction over the

length of the trap. The Straightness of the magnetic field lines is better than 3 mrad

along the trap region, i.e., the lateral deviation is less than 75#m along the 25-mm

1°Thecritical temperature of the alloy Nb0.~ Ti0.4 is Tc ---- 9.8 K [59].
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Figure 4.3: (a) Axial cross section through top, middle, and bottom drift tubes

(DT). The axial potential well -- calculated by Dave Vogel [57] -- is displayed

together with the drift tube radius for (b) the tapered drift tube design, and for

(c) drift tubes of uniform cross sections, i.e., uniform radius. The gaps in the

graphs visualizing the drift tube radii represent the separation between the drift

tube electrodes.

long middle drift tube. However, there are two areas where no magnetic field should

be present. First, the collector, where a magnetic field would prevent electrons from

spreading in radial direction towards the collector electrode, and second, the electron

gun, where a magnetic field would cause a spatial broadening of the electron beam.

For both elements additional electromagnets are installed to compensate for the str~,

field from the superconducting magnets. In particular, these are the collector mag-

net which surrounds the collector and the bucking coil surrounding the electron-gun

region. Since the position of the focal point of a Pierce-type electron gun depends on
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the anode potential, which controls the beam current, the magnetic field of the buck-

ing coil has to be adjusted accordingly. Depending on the scope of the measurements

it could be sometimes desirable that the magnetic field at the electron-gun cathode

is not completely shielded. In such an environment the electrons emitted from the

cathode are immediately bound by magnetic field lines and the electron beam flow

approaches laminarity. When a magnetic flux is allowed at the cathode, an increase

in the total magnetic field would be required to confine the beam within the same

radius as in the case of the shielded cathode.

Fine tuning of the total magnetic field along the electron beam path is made

possible by several steering coils. Those coils create magnetic fields perpendicular to

the electron beam axis and transport coils with a magnetic field vector parallel to the

electron beam.

4.1.3 Electron beam energy

The electron energy at the trap region is mainly determined by the potential difference

between the cathode of the electron gun and the middle drift tube. A slight reduction

is caused by the space charge of the electron beam itself, which besides lowering the

beam energy, also causes an energy spread. The magnitude of the space charge

depends on the spatial compression of the beam. caused by the magnetic field. The

compression also increases the thermal motion of the electrons. Knowledge about the

electron beam geometry is, thus, crucial for the determination of the actual electron

beam energy.

4.1.3.1 Beam radius

Several experimental studies about the dynamics of electron beams have shown that

electron beam flow, especially from magnetically shielded cathodes, is highly nonlam-

inar 160, 61, 62, 63I. The most successful theoretical approximation describing the

behavior of cylindrical electron beams including the thermal motion of the electrons is
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Herrmann’s so called optical theoryn [621. Assuming a Maxwellian velocity distribu-

tion for the emitted electrons, the distribution for transverse thermal velocities, i.e.,

parallel to the cathode surface, follows a Gaussian function with a standard deviation

~/kT/me, where k is the Boltzmann constant, T the temperature, and me the(Tv

electron mass. Herrmann divides the electrons into two different groups, non-thermal

electrons, which leave the cathode perpendicular to its surface, and thermal electrons

which have some momentum parallel to the surface of the cathode. The location of

the non-thermal electrons is characterized by the radius re describing the envelope

of all non-thermal trajectories. The motion of the thermal electrons is characterized

by the standard deviation av. The overall beam envelope, i.e., the beam radius, is

a superposition of non-thermal and thermal trajectories. Thus, at any given point

along the beam axis the transverse cross section shows a Gaussian charge density

distribution with the standard deviation at. An effective beam radius is introduced

in the form r2 = re2 +2at2. This definition of effective beam radius does not represent

the actual beam boundary but a rather artificial magnitude enclosing about 63.2%

of the electrons. This is the fraction of the volume underneath a radial Gaussian

function12 within a radius of x/~a. In a uniform magnetic field parallel to the beam

axis and in the absence of outside electric fields, the equation of motion can be solved

analytically and yields a time dependent function for the effective beam radius. At

any given point along the axis the beam oscillates about an equilibrium effective beam

radius ro, which is determined by the equation

(~L?-02)2 -- Kro2 + 2kTrc2- --+@L,crc2)2
~T~e

eB eBc
(4,3)with (x) n -- 2m¢ , WL,c = 2m¢ ’

eI
and K-

27rcomeV

nThe trajectories of the elecl~rons are assumed subject to the laws of geometrical opl;ics of ideal

optical systems.

12The volume V within the radius r of a 2-dimensional Gaussian flmetion with the standard

deviation cr is: V(r)= Ytota I [1- e-~2/(u~’=)].
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The symbol e is the elementary charge, rn~ the electron mass, k the Boltzmann

constant, T the temperature, 6o the permittivity of vacuum, and B the magnetic flux

density of the uniform field. The subscript c denotes quantities at the position of

the cathode. The quantity wr is the Larmor frequency which describes the rotation

of the whole beam about tile beam axis [64, 65] (see also Section 4.1.3.5. Under

the assumption that the axial velocity of the electrons is independent of the radial

distance a solution of eq.(4.3) with respect to ro can be given in following form:

(4.4)

For a description of the symbols refer to eq.(4.3). In a paper by Amboss 1661 demon-

strating the feasibility of magnetic compression of an electron beam it was stated

that Herrmann’s optical theory was satisfactory only in the low-perveance regime,

i.e., for electron guns with a perveance below 0.1 pperv. Therefore, Amboss devel-

oped a seniiempirical theory based on a perturbation of the non-thermal paraxial-ray

equation. Unfortunately, he failed to give a better suited formula for the calculation

Of the beam radiusand, thus, uses eq.(4.4): himself la.

According to eq.(4.4) the radius ro is a minimum for a completely magnetically

shielded cathode (B~ = 0T). The theoretical minimum is obtained for B~ = 

and T = 0 K, i.e., the perfectly-shielded non-thermal case. This minimum radius is

known as the Brillouin radius rB and is equal to

~2mj
.(4.5)rB -= 7r~oveB2 ¯

In the non-relativistic regime the speed of the electrons is equal to ~ U being
V me0

the potential difference between the cathode and the position of interest along ~he

beam axis. The symbol rn~0 denotes the electron rest mass. Thus, eq.(4.5) inodifies

¯ aNote, that eq.(2) in Amboss’s paper [66] lacks of the electron-mass factor in the thermal part 

the equation and that his reference to eq. (3) in Herrmann’s paper [62] should correctly state eq. (31).
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to

with

TB

= (__2The0 ~ 1/2 (T/%e0 ~1/4

,,Trio e/ kS e]
1a/2

BU1/4

K

BU1/4

= 4.6686598(24)- #m T kV1/4
reAl/2

cm T kV1/4
= 0.01476360(1). A1/2

(4.6)

Note that at an electron energy of about 30 keV, the difference between relativistic and

non-relativistic treatment of the electron velocity is already 4.4%. When accounting

for relativistic effects the electron speed and electron mass have to be calculated using

(4.7)
(V = Co 1- ~,m~oco2 + eU ’

(see also Appendix B).

Instead of the Brillouin radius rB one can also define the Brillouin field BB as the

magnetic field necessary to compress the electron beam to a given radius r assuming

that the electron trajectories would follow a laminar flow model. According to Ashkin

]601 the Brillouin field is of importance as a measure of decision. In particular, Ashkin

shows that Herrmann’s optical theory is applicable if tile magnetic field applied for

the beam compression is at least three times the magnitude of the Brillouin field.

Modifying eq.(4.5) yields:

BB = ,/ 2_m_~_I (4.8)

f

V 7r£o V e ro2

Using following parameters, i.e., I = 130mA, U = 10kV, r0 = 21.7 + 2.0pro, v =

m7.75. 10r-g ~ 0.26c0 (see eq.(4.7)) for 14, and I = 230mA, U = 136kV,

ro = 37.28 =t= 0.55#m, v = 1.84 ̄  l0s m ~ 0.61 Co for SuperEBIT, the Brillouin field

is: BB = 1.2 + 0.1 Tfor EBIT and Bs = 0.68 ± 0.01 T for SuperEBIT. The magnetic

14The value ro = 21.7 4- 2.0 #m is taken from a beam-radius measurement which, actually, was

performed at the original EBIT I device [49]. The result of that. measurenmnt, rb = 27.5 4- 2.5/~m,.

was divided by the factor ~ in order to represent the effective beam radius ro (see also page 30).

27



flux density applied is about 3 T. Thus, the conditions in the SuperEBIT device clearly

meet -- according-to Ashkin -- the requirements for applying Herrmann’s theory. In

the case of EBIT the compressing magnetic flUX density is a little less than three times

the magnitude of the Brillouin field. However, showing that the magnitude of the

compressing field is roughly three times the Brillouin field is completely satisfactory

for these estimates since the parameters beam current and acceleration voltage are

vary according to the experimental requirements:

An overview of the impact of the various parameters on the beam radius is dis-

played in Figure 4.4 in the form of a multi-parameter plot. The calculation of the

beam radius in this Figure is based on eq.(4.4) and a comparison between relativistic

and non-relativistic treatment is given. The determination of the equilibrium ef-

fective beam radius defined by Herrmann’s optical theory does not inchide any radial

dependence of the axial electron velocity (see eq. (4.3)). Measurements on the velocity

distribution in cylindrically symmetric electron beams, however, have demonstrated

that the axial velocity of the electrons does depend on the radial distance I61, 60].

A qualitative and quantitative description of the radial profile of the axial electron

velocity is given in Section 4.1.3.5.

Measurements of the beam diameter at the middle drift tube were performed by

imaging the beam in the x-ray band, i.e., utilizing the x-ray emission of the electron-

impact excited ions trapped by the beam. Thus, not the actual electron beam but

the beam-ion overlap was imaged. The geometry of these measurements involved

a narrow slit and a position sensitive detector with a spatial resolution of about

250#m. A 50--fold magnification was obtained. The beam radii rb inferred from

these measurements are 27.5 ± 2.5 #m I49], and 47.3 ± 0.7#m I581, respectively. The

first measurement which employed a 9-#m wide slit was performed on the EBIT I

device (see page 17). Although, this result was Obtained at EBIT I. it is used as 

guidance for the magnitude of the beam radius of the current EBIT (EBIT II), since

the design of both devices is very similar. The second result, i.e., rb = 47.3-t-0.?#m,
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Figure 4.4: Dependence of the effective beam radius in the domain of various

parameters. In particular, beam current I, acceleration potential U, magnetic flux

density of the uniform magnetic field compressing the beam B, magnetic flux density

at the cathode Bc, and temperature of the cathode T. While varying one parameter

all other parameters were kept at following values: I = 230mA, U = 136kV, B =

3T, Bc = 0T, and T = 1400K. The beam radius iscalculated using eq.(4.4). The

axial velocity of the electrons is considered to be independent of the radial distance.

Note that the abscissa incorporates various parameters and thus conversion factors

have to be used as indicated in some cases.

was obtained at SuperEBIT using a 7-pro wide slit.

The beam radii were determined taking half of the full width at one fifth of the

maximum (FW}M) of the fitted Gaussian hmction, which equals 2v~ln 5 cr~ . Thus,

the measured beam radius rb encloses 80.0% of all the electrons in the beam (see

footnote 12 on page 25). The definition of the effective beam radius ro calculated
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with eq.(4.4) is, however, to2 = r3 + 2at2, i.e., ro .~ v~a~. The effective beam

radius, thus, only encloses 63% of all the electrons and the measured values have to

be divided by the factor ~ in order to represent the effective beam radius: The

measured values for the effective beam radii (ro.¢xpt) are 21.7 :k 2.0 #m at EBIT I, and

37.28+0.55 #m at SuperEBIT, respectively. A comparison between the measured and

the calculated values is given in Table 4.2. Since neither the cathode temperature nor

the magnetic flux density at the cathode have been measured, an adjustment in the

calculated values can be made by variation of these two quantities. Within a temper-

ature range of 1300 K to 1400 K, agreement between the measured and the calculated

values can be achieved by adjusting the magnetic flux density at the cathode from

0.4 mT to 0.6 mT. In the case of the EBIT I measurement, however, no agreement

was found by adjustment of either the temperature or the magnetic flux density. The

calculated value always exceeds the measured value, even in the ideal case of no mag-

netic flux at the cathode surface and the lowest possible temperature which would

allow electron yields of 130 mA, i.e., T = 1250 K (see Section 4.1.1.1). One should

keep in mind, though, that eq.(4.4) does not account for a radial dependence of the

axial electron velocity and, thus, the calculated values only serve as an estimate of

the effective beam radius.

4.1.3.2 Electron density

The nmnber of electrons in a given volume of the electron beam depends on the beam

current, on the compression of the beam, and the Velocity of the electrons. Under the

assumption of a constant beam current and beam energy within a cylindrical volume

V, the average electron density g¢ in this volume is given by

Q It I
n~ = -~ =eAvt - ~r@ev ’ (4.9)

Q denotes the whole charge in tile cylindrical volume:, e is tile elementary charge, I

the beam current, r the radius of the cylinder, v the speed of the electrons, and t the

time. Thus, within the measured beam radius rb, which encloses 80% of all electrons,
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Table 4.2: Calculated values of the effective beam radius ro utilizing eq.(4.4). The

parametm:s used for the calculations are listed in the top section of this Table. The
calculated values should be compared to the beam-radius measmements performed

at EBIT I [49], which resulted in a value of 27.5 ± 2.5#m, and SuperEBIT [58],

where the measured beam radius was 47.3-t-0.7#m. The measured values represent

the radius which encloses 80% of all electrons and, thus, have to be divided by the

factor ~ for comparison with the effective beam radius, which encloses 63% of

all electrons. Cathode temperature and magnetic flux density at the cathode have

not been measured and, thus, are adjustable parameters for the calculation.

Parameters used for calculation

EBIT I

SuperEBIT

I U vz B rc To, expt

mA kV co T mm pin

130 18.0 0.259 3 1.5 21.7+2.0

230 136.0 0.613 3 1.5 37.28 + 0.55

EBIT I SuperEBIT

Bc T to, catc Bc T to, ~,l~

mT K #m mT K #m

0.0 1250 34.15 0.0 1350 36.48

0.4 1400 35.62 0.4 1400 37.26

0.6 1300 35.69 0.6 1300 37.20

the average electron density is

0,8I
= (4.1o)

 rdecoil_ ( m oco me0co2+e U

The electron speed v is substituted using eq.(4.7), where U denotes the potential

difference between the’electron-gun cathode and ti~e middle drift tube where the
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beam radius rb has been measured. At a potential difference of U = 136 kV, a beam

current of I = 230 mA, and a beam radius of rb = 47.3(7)~m, the average electron

density is g~ = 8.89(25)-1011 -a. Equation (4.10), however, only al lows toestimate

an average charge density, i.e., the charge density for a homogeneous distribution of

the electrons. The actual density distribution is determined by the distribution of the

transverse thermal velocities of the electrons which follows a Oaussian function (see

Section 4.1.3.1). Electrons emitted from any particular point at the cathode spread

out according to their transversal velocities and, thus, produce at every transverse

cross section of the beam a Gaussian charge distribution. Assuming only a radial

dependence of the charge density, the Oaussian electron density distribution n~ can

be written in the form
r2

= e-2oT2 (4.11)

The quantities nio and err are implicitly defined by the measured beam radius rb

which encloses 80% of the total charge. In an explicit form n~o and ~r are:

7-b2
2

O-1. 2 in 5 (4.12)
I ln5

T/,eO -- 7r rb2 cy ¯

Comparison between the homogeneous and the Gaussian. distribution shows that

n~o ~ 2g~. In particular, given the same parameters as above the electron den-

sity in the center of the beam is n~o = 1.788(50) ̄  101~ -a. Along the measured

beam radius the electron density~ dropped to n~(rb) = gn~01 = 3.58(10) ¯ 101/ em7a,

where rb = 47.3(7)#m.

The broad range of applicable beam currents and electron energies in EBIT and

SuperEBIT allows tovary the electron density in the trap region from about l0~2 cm-a

down:to 109 cm-a and, of course, less. The lower limit of 109 cm-a rather reflects

a practical than technical limit, since a minimum electron density is necessary for

successful competition of tile electron-impact ionization with atom-ion or molecule-
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ion charge exchange processes15. The lower the electron density, the smaller the

fraction of high charge states achievable in the trap, and the lower the electron-

impact excitation rate for these ions. Thus, the flux of the emitted x rays strongly

depends on the electron density in the trap. Moreover, the electron density is also

the base for the space charge of the electron beam which is responsible for the radial

trapping of the highly charged ions.

4.1.3.3 Space charge

Assuming stationary conditions, the electric field strength and, thus, the potential

can be calculated using the law of GauB, i.e.,

Q
1~. dA =--, (4.13)

¯ £0

where /~ denotes the electrical field strength, A a closed surface with the surface

element d/~ pointing away from the enclosed volume, Q the total electrical charge in

the from A enclosed volume, and eo is the permittivity of vacuum. A closed surface

integral over a vector field can be expressed as a volume’s integral over the divergence

of this vector field and substituting the electric field by the gradient of the potential

allows to modify eq. (4.13) into the Poisson equation. In particular,

/A ~ " d’4 = L div " t~dV= L V . EdV
(4.14)

Q = LpdV (4.15)

V. /~ = V- (-VU)=-V2U (4.16)

-V 2U = /~U= -p--, (4.17)
g0

where the symbol G denotes the Laplace operator,/~ = V ¯ V.

The ea~siest approach is to consider the beam as an infinRe cylindrical cohmm of

radius/~Cy~ with a homogeneous charge density. The electrical field strength for such

Charge exchanoe between a highly charged ion and another ion is very unlikely in an EBIT due

to the low kinetic energies of the ions and the strong Coulomb repulsion.

33



a column is

With I being the electron beam current, r the radial distance, and vz the component

of the electron velocity parallel to the beam axis. The electrical field vector points

towards the center of the electron beam. Extracting the potential from these equation

and choosing the drift tube wall as the point of zero potential, i.e., U(RDT) = 0 

gives

and

aa solutions for the potential inside and outside the homogeneously charged infinite

cylinder. Table 4.3 lists some results for EBIT and SuperEBIT utilizing these equa-

tions and includes the parameters used, i.e., beam current, acceleration potential,

and measured beam radi.us. The-.radial dependence of the space charge potential is

depicted graphically in Figure 4.5. From Table 4.3 it can be seen that the potential

difference between the center of the beam and the beam edge, Uo,a~, is 1511 =t=3.1 V

for EBIT and 11.2 =t=0.7 V for SuperEBIT. These values represent the energy spread of

those electrons which interact with the trapped ions since the beam radius measure-

ment is based oil the image of the ion-electron-beam overlap. For classic treatment

of the elect, ron velocity this beam center to beam edge space charge potential can be

k,
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expressed in analytic form, i.e.,

Uo,R~l = Usc,d - I , ~ I I47reo V 2e U1/2 - K U1/----~

V3/2
with K = 15153.598(10) 

= 0.47919884(32)--
kV3/2

A

(4.22)

To include relativistic effects an additional factor, A,, is required which expresses

the relative difference between the classic and relativistic treatment of the electron

velocity (see Appendix B, eq.(B.6) on page 196).

(4.23)

The increase of the beam center to beam edge spacecharge potential due to relativistic

effects is 2.6% for an electron-beam energy of 18 keV and 19% for an electron-beam

energy of 136 keV.

However, as shown in Section (4.1.3.1) the beam profile is of Gaussian nature

with respect to the charge density distribution. Solving eq.(4.13) and (4.17) usingan

electron density distribution according to eq.(4.11) yields

- : e-;~ In5 __ 1 " -- (4.24)
2 7r £o vz r ?-

for the electric field strength and

for the radial space charge potential. The result of applying these fornmlae is given in

Figure 4.5. Some calculated values for the space charge potential are explicitly listed

in Table 4.3. Using the Gaussian electron density distribution model the potential
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difference between the beam center and the distance Rcv¢ which defines the edge of

the beam for the homogenous electron density model is 19.9 :t: 2.7 V for EBIT and

15.0 + 0.6 V for SuperEBIT, i.e., more than 30% higher than for the homogenous

"model.

Table 4.3: Some calculated values for the radial space charge potential Usc of

the electron beam using eq.(4.20), (4.21), and (4.25). The parameters used 

these calculations are listed in the top section of this Table. The quantity rb is

the measured beam radius which includes 80% of all beam electrons, and Rc~t is

the radius of the beam edge assuming a homogenous electron density distribution

(cylinder model). The electron velocities v were calculated using eq.(4.7) and 

listed as fractions of the speed of light in vacuum Co.

Parameters used for calculation

I U rb Rcyl v

mA kV #m pm co

EBIT

SuperEBIT

130±1 18.0+0,1 27.5±2.5 30.8+2.8

230±1 136.0-1-0.147.3±0.7 52.9±0.8

Space charge potential

0.2586+0.0014

0.61337+0.00045

EBIT . SuperEBIT

r u c./v
mm Homogenous Gauss±an Homogenous Gauss±an

0.0 -168.5+3.1 -172.7+2.7 -113.5±0.7 -116.6:k0.6

rb -156.5±3.1 -155.1±2.7 -104.5+0.7 -103.6±0.6

R~y~ -153.4-t-3.1 -152.8-t-2.7 -i02.3+0.7 -101.6:k0.6

0.5 -69.4±0.8 --69.4±0.6 -51.8+0.5 -51.7±0.4

1.5 -36.3±0.7 -36.3±0.6 -27.1±0.5 -27.1+0.4.

Due to the different radii of bottom, top and middle drift tube the electron beam
\
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Figure 4.5: Dependence of the space charge potential of the electron beam on the

radial distance from the beam axis for EBIT arid SuperEBIT. The plot represents

¯ the results obtained by assuming that first, the electron beam were a homogeneously

charged cylinder (see eq.(4.20 and 4.21)) --dash-dotted lines -- and second, 

electron beam profile were of Gaussian nature regarding the electron density (see

eq.(4.25)) -- solid lines. The parameters used for calculating the space charge

potentials are listed in Table 4.3 (page 36).

creates a space charge potential also in axial direction. This axial space charge po-

tential allows to trap ions axially without applying any voltage, or trapping potential

to be more specific, onto the drift tubes themselves. For simplicity the following

37



derivation of the axial trapping potential due to the geometrical properties of the

drift tubes is based on the assumption that the beam is a homogeneously charged

cylinder. Considering the electron beam surrounded by cylindrical drift tubes of dif-

ferent radius, as pictured in Figure 4.6. Since the potential along the edge of the

electron beam has to be constant -- otherwise the electrons could gain kinetic energy

although no additional energy is fed into the System -- the beam radius has to change

when the radius of the surrounding drift tube changes. The "new" beam radius can

Electron Beam

uc ::::!

Rmid

:~9)-- I" beam

middle

DT

B Uor

k

Uc ’::

l’mid

Figure 4.6: Sketch of the geometric properties for the case that the electron beam

passes through drift tube sections of different radius but constant potential UDr.

The potentials at the beam edge Ue, and in the center of the beam Uc have to be

constant as discussed in the text. If the beam radius were to stay constant, (a),

energy could be generated by moving a charged particle along the loop L without

feeding this energy into the system. Thus, the beam radius has to change, (b), which

creates a potential gradient in axial direction. The potential difference between the

points A and B depends on the radial distance.

be calculated using eq.(4.20) or eq.(4.21). For the notation refer to Figure 

Rtop
(4.26)?’top = ?’mid ~m.id "

lvloving along a path of constant radial distance, i.e., parallel to the beam axis, the
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axial space charge potential can be estimated as follows.

,-= - , (4.27)U(r <_ rtop) = 4rre0vz

I
in 7-= - - +1

471"£o Vz
U(rtop ~_ r ~_ ?’mid)

and

(4.28)

I in (P d]2U(rm e _< 7") = 4rreo v-------7= \ Rtop / -¢ let(r) (4.29)

(4.30)

Thus, qualitatively, the radial dependence of the axial space charge potential is of

quadratic nature from the beam center to the narrowest beam radius, shows a log-

arithmic dependence between narrowest and widest beam radius, and is constant

outside the widest beam radius. As seen in Figure 4.3, the bottom and top drift

tubes have a tapered geometry. Next to the middle drift tube the inner tube diame-

ter is 10 mm, after 5 mm in axial direction this diameter narrows abruptly to 3 mm,

and then widens smoothly to about 16.4 mm. Thus, the difference between the space

charge potential at the middle drift tube region (10 mm diameter) and the top (or

bottom) drift tube has been calculated as a function of the axial distance, where the

narrowest part of the top (or bottom) drift tube, i.e., the 3-mm radius bottle neck,

was taken as the origin with respect to the axial distance z. The result of these

calculations of the potential difference in axial direction is shown in the Figures 4.7

and 4.8. Using the beam parameters listed in Table 4.3 the highest values for the

axial space charge potential, obtained with eq.(4.29), is 36.2 V for EBIT and 27.0 

for SuperEBIT. Note, that these results can only be used as estimates of the axial

potential barrier seen by the trapped ions, since the model applied, first, is not able

to describe the actual region of change in the drift tube diameter, and second, does

not include the effect of magnetic fields on the change of the beam radius.

In all cases, however, the radial trapping potential was modeled under the absence
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Figure 4.7: Difference between, the radial space charge potential at various positions

along the top (or bottom)drift tube and the radial space charge potential in the

middle drift tube region for SuperEBIT (a) and EBIT (b). Note that the graphs

display a potential difference and not the overall radial space charge potential! Plot

(c) shows the radius of the top (or bottom) drift tube with respect to the axial

distance z.

~-" 20>v
.-~ 10
t’-

o 0
13.

-10

’20

70
E

60 Ev
N

50 oc-

(/)
40 i:3

x30 <

0 5

DT Radius (ram)

of any ions. The compensation of the space charge potential due to the positively

charged ions can be accounted for by an additional factor (1 - f), where

f._ nq q, (4.31)
?le

i.e., the ratio of positive to negative charges within the electron beam volume of in-

terest. Practically, the space charge compensation factor f can ob~.ain values between

zero and one depending on ~he operating parameters of the EBIT devices. For f val-

ues bigger than one (f > 1), which is theoretically possible according to the definition
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Figure 4.8: Variation of the space charge potential with respect to the radial space

charge potential in the middle drift tube region. The potential differences are plotted

as a function of the radial distance from the beam axis and the axial distance from

the narrowest diameter of the top (or bottom) drift tube.

of f in eq.(4.3t), the space charge potential becomes positive and the ions leave the

electron beam. Although the ions are still trapped radially by the magnetic field they

are not exposed anymore to any electron-impact excitation mechanism and, thus, are

lost in a spectroscopical sense.

The space charge compensation factor can be measured by observing electron-

beam energy dependent resonance processes, such as dielectronic recombination (DR)
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transitions (see Section 3.1.3). Such a measurement is presented̄ in Figure 4.9 which

shows the potential difference between the electron-gun cathode and the middle drift

tube necessary for achieving maximum emission intensity of a specific DR transition

as a function of the electron-beam current. In particular, the DR line emission
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Figure 4.9: Potential difference between the electron-gun cathode and the middle

drift tube, Emt, at which, the maximum emission of the dielectronic recombination

KLL spectrum of lithiumlike titanium, Ti19+, was observed. Using linear regression

of the acquired¯data points yields an space charge potential average of 2.32 4- 0.03 V

per mA of electron-beam curi~ent.

observed in this measurement is. basically, a blend of the ls2p22Ds/2 ~ ls22p2Da/2

and ls2p22D3/2 ~ ls~2p2D~/2 transitions of lithinmlike titanium, Ti~+. Thus, the

resonance occurs at an electron-bean’s energy of 3330.5 eV, i.e., the kinetic energy of

the electron with respect to tt!e ion. The kinetic energy of the electron, Ek~, is equal
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to the sum of the potential energies, i.e., the energy due to the potential difference

between cathode and middle drift tube, Epot, and the energydue to the space charge,

eU~c, (see also Figures 4.12 and 4.13 on pages 51 and 52, respectively). Thus, the

measured space charge potential is:

Usc = t - E o, ) (4.32)
e

Table 4.4 gives a comparison of the measured space charge potential values and the

calculated values utilizing the different models described above, i.e., the homogeneous

and Gaussian electron density distributions, equations (4.20), (4.21) and (4.25). 

the measured values reflect the average space charge potential "seen" by the ions

within the electron beam, the calculated values, too, represent the potential average

within the volume defined by the radius Rcv~. The space charge compensation factor

f is inferred from the difference between the calculated and the measured values,

using the relation

f = 1 Usc,c~pt (4.33)
Usc~theo

4.1.3.4 Radial electron temperature

According to Liouville’s theorem the electron density in phase space16 in the vicinity

of a given electron of the electron beam, i.e., in the volume d2- around the electron

and within the momentum interval d/Y, does not change as the electron moves through

electric and magnetic fields. A derivation of this theorem can be found elsewhere, e.g.

I481. In this reference and in several other publications (e.g. [671) the velocity of the

electrons is used instead of their momentum to define the phase space. The dimension

of the phase space, however, should be equal to the dimension of the Planck constant,

i.e., energy ̄  time or in SI units: kgm~ Therefore. the momentum of the particles

has to be used instead of the velocity, especially, when relativistic effects become

significant and, thus, the mass noticeably depends on the velocity.

I6A multi-dimensional space based on the spatial coordinates and the momentum of the particle.
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Table 4.4: The measured, Usc,expt, and calculated, Usc,theo, space charge potential

values are compared and the space charge compensation factor, f, inferred from

their difference according to eq.(4.33). Measured and calculated values represent

the potential average within the volume defined by the radius -gcyZ which is calcu-
1 v/5 In 5ro, where ro ,is the effective beam radius from eq.(4.4).

lated using.Rcyt .=
Following parameters have been used: B = 3T, Bc = 0T, rc = 1.5 ram, T = 1400 K,

and U = 3330.5 V.

I Us~,~xpt

mA V

10 -23.2

25 -58.1

75 -174.2

125 -290.3

U~c,th~o (V) f

Homogenous Gaussian Homogenous Gaussian

-26.2 -26.5 0.113 0.122

-65.4 -66.1 0.112 O. 122

-195.6 -197.6 0.109 0.119

-324.9 -328.3 0.106 0.116

under the conservation of the phase-space density of the electrons spatial com-

pression of the beam leads to an increase in the momentum of the electrons which is

equivalent to an increase in electron temperature. In particular, a compression of the

beam diameter by the factor M reduces the spatial confinement by the factor M2,

Neglecting electron-electron interactions, the momentum space in radial direction,

thus, has to increase by a factor of M2. Covering two degrees of freedom, the ra-

dial velocity of the electrons experience a M-fold increase. The temperature, which is

linked to the kinetic energy, i.e., to the square of the velocity of the particles, increases

by a factor of M2, like the momentum space itself. Assuming an initial electron tem-

perature equal to the temperature of the electron-gun caghode, an estimate of the

electron temperature at any given point of the beam can be derived upon knowledge

of the evolution of the electron beam’s spatial confinement.

In EBIT and SuperEBIT the electron bean originates from a 3-mm diameter area
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and is compressed to a diameter of ~ 60#m, and ~ 100#m, respectively, reducing

the cross section of the beam ~ 502 times in EBIT and ~ 302 times in SuperEBIT.

Starting with an electron temperature around 0.11 to 0.i2 eV at the cathode surface.

thus, yields thermal electron energies of about 275 eV to 300 eV in the trap region

of EBIT and of about 100 eV to 110 eV in the trap region of SuperEBIT. However,

this estimate is based on the assumption that there are no electron-electron interac-

tions which could transfer energy between the different degrees of freedom, especially

between the radial and axial directions. Moreover, the electron mass is considered to

be constant, i.e., independent of the velocity of the electrons.

4.1.3.5 Velocity profile

Several measurements of the radial distribution of the axial electron velocity in

cylindrically symmetric electron beams have demonstrated that the axial velocity

profile varies as a function of the radial distance 161, 60]. The radial dependence of

the axial electron velocity is due to the rigid rotation of the whole beam around the

beam axis. Hence, the kinetic energy consists of a translational and a rotational part.

Electrons that have more transverse kinetic energy by virtue of rotating about, larger

transverse circles must have smaller axial kinetic energy. Therefore, the axial velocity

of the electrons decreases with increasing radial distance, i.e., the outer electrons move

slower axially than inner electrons. Since Herrmann’s optical theory for calculating the

electron beam radius (see eq.(4.3) on page 25) does not include any radial dependence

of the axial electron velocity, a quantitative evaluation of the velocity gradient is

essential for a discussion of the applicability of Herrmann’s theory.

The rotation of the beam is due to the presence of crossed electric and magnetic

fields, i.e., /~ x /? =/ 0. Thus, the electrons follow trajectories where the electric

and magnetic forces are balanced by the inertia of tile electron. A simple diagram

showing the qualitative properties of those forces is shown in Figure 4.10. Using the
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Figure 4:10: Sketch of the electron trajectory in the presence of crossed electric

and magnetic fields. The geometric properties considered for the derivation of the

electron trajectory include a magnetic field in axial direction and an electric field

in radial direction. Figure (a) also shows the direction of the various forces on the

electron, i.e., the Lorentz force FB, the electrostatic force FE, and the force due

to the inertia of the electron Fro. The resulting electron trajectory -- graphically

depicted in (b) -- is a superposition of a low-flequency rotation (wl) around 

beam axis and a high-frequency rotation (Oah) around the magnetic field lines. The

quantity ~ describes the radius of this fast cyclotron motion.

notation introduced in that Figure the equation of motion is given by:

(4.34)
m~ I~’~l~ r~ ,¯ -+ef,.+e~ x/~ = 0.

Since the vectbrs F, E,., and ~ x /~ are parallel, a scalar presentation of the equation

above can easily be achieved, i.e.,

~l,e "U~o2

--+~ IE,-I-e~,,,B = 0. (4.35)
?-

The signs already account for tlie fact that the electron’s charge is negative. Intro-

ducing the rotational frequency

~v - (4.36)
?-
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and the cyclotron frequency ~c
eB
";T~e

(4.37)

modifies eq.(4.35) into:

which has the solutions:%’h’L -- a3c (1 + V/12 4rnelErl)eB2r (4.39)

The subscripts h,t denote the high- and low-frequency solution. For EBIT and Su-

perEBIT the term under the square root is close to one and, thus, the electrons

gyrate around the magnetic field lines with the high-frequency co~a which is almost

the cyclotron frequency, and they rotate around the beam axis with the much slower

frequency a~,t. A sketch of the electron trajectory is shown in Figure 4.10. The

transverse velocity due to the slow rotation, v~, equals co~lr, where r is the radial

distance from the beam axis. For the fast cyclotron motion the transversevelocity is

Vh = W~,h ~. The radius { depends on the angle, a, between the electron trajectory

and the magnetic field lines, which are assumed to be-parallel. In particular,

(:_ mr v sina = v sina . (4.40)
e ~ 02c

The total velocity v is determined by the total kinetic energy Ekin, which, neglecting

the thermal motion17 of the electrons, only depends on the potential difference be-

tween the cathode and the point of interest, i.e., the sum of acceleration potential U

and space charge potential Use,

(4.41)

The total kinetic energy of the electron Eki, is split into the kinetic energy in axial

direction Et:~,,,=, the transverse kinetic energy due to the fast rotation around the

magnetic field lines Ekin,~, and the transverse kinetic energy due to the slow rotation

17Including thermal motion does not introduce an additional, radial dependence of the kinetic

energy or the velocity distribution unless the temperature of the cathode is not uniform.
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around the beam axis Eki,~,t. Using the equations (B.1) and (B.2) from page 195 

axial velocity can be derived from the energy balance in following way:

where 7/

and, thus,

% = ~/-%-~/,÷2 (4.43)

1

~[i
1

(4.44)v~ = co - (~,_%_~yz+2)2

A non-relativistic treatment of the energy balance yields the much simpler expression,

i.e.,

(2_co 2r2 , (4.45)

for the electron velocity in axial direction.

Determination of the axial velocity profile requires an estimate of the angle a be-

tween the electron trajectory and the magnetic field lines. Assuming perfect injection

of the electrons, i.e., that the electrons are emitted from the cathode with trajectories

parallel to the magnetic field lines, no rotation around the fieid lines is present and

the radius ( equals zero length. The thermal motion of the electrons, however, pre-

vents a perfect injection. Thus, the minimum angle between the velocity vector and

tile magnetic flux density vector can be inferred from the ratio of the thermal to the
l~th

kinetic energy of the electrons in axial directions (tan a - Ek~,~,~ )’ For an estimate

of the electron injection angle t, he total energy Eke, was used instead of Ek~,~,:. The

difference in the resulting angle a: is negligible due to the small thermal energy in

comparison with the kinetic energy of t, he elecl~ron.

The values of the radius (, the rotation frequencies co~, cob, co~, and the energies

Ek~n,h and Ek~,~,~ at the center and the edge of the electron beam are listed in Table 4.5.
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Table 4.5: Beam-center and beam-edge values of some quantities describing the

beam rotation. In particular, these are the radius zeta of the cyclotron motion

utilizing eq.(4.40), the rotation frequencies wc, Wh, and wt according to eq.(4.37)

and eq.(4.39), and the kinetic energies Ekin,h and Ekin,t calculated with eq.(4.36)

and eq. (B.1). The parameters used for these calculations are listed in the top section

of this table. Rcyt is the radius of the beam edge assuming a homogenous electron

density distribution. Eth the thermal energy of the electrons in the trap region

(see Section 4.1.3.4). The presentation of the results was selected in order to show

the impact of the various parameters upon the calculated quantities and, thus, the

amount of digits used does not reflect the precision of the calculated values.

Parameters used for calculation

I U Rcy~ Eth

mA kV pm eV

EBIT 130 18 30.8 285’

SuperEBIT 230 136 52.9 105

EBIT SuperEBIT

Homogenous , Gaussian Homogenous Gaussian

r=0#m r=Rcyt r=0#m r=Rcv, r=0#m r=Rcvl r=0#m r=Rcv,

(mum) 2.4196 2.4185 2.4198 2.4185 0.34079 0.34078 0.34080 0.34078

Wc (1011 -1) 5.0985 5.0984 5.0986 5.0984 4.1681 4.1680 4.1681 4.1680

wh (1011 -1) 5.0985 4.9916 5.0986 5.0057 4.1681 4.1411 4.1681 4.1447

wl (109 -1) 0 10.7 0 9.3 0 2.7 0 2.3

Ekin,h (eV) 4.326 4.143 4.327 4.166 0.0574 0.0566 0.0574 0.0567

Eki,~,h (eV) 0 0.3 0 0.2 0 0.06 0 0.04

The values in Table 4.5 clearly show, that the difference in the transverse kinetic

energy between tile center and the edge of the beam is at least two orders of magnitude

smaller than the difference in the potential energy due to the space charge of the
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electron beam. Thus, the radial dependence of the kinetic energy in axial direction

Ek~,~ and the axial electron "velocity v~ is dominated by the space charge potential.

Figure 4.11 shows the axial velocity distribution normalized to the value at the beam

center, i.e., vz(r)/vz(O). A comparison of the various types of kinetic and potential

energies discussed in this section is plotted in the Figures 4.12 and 4.13.

1.0020

1.001 5

1.0010

1.0005

1.0000

4-- SuperEBIT --’-

SuperEBIT

150 100 50 0 50 100 150
Radial Distance from Beam Axis (gm)

Figure 4.1l: Distribution of the axial electron velocity along a cross section of

the electron beam according to eq.(4.44). The values are normalized to the axial

velocity at the center of the beam. The parameters used for the calculation are listed

in Table 4.5, and the result of the space charge potential assuming Gaussian density

distribution, eq.(4.25), was implemented into eq.(4.41). The velocity values at 

beam center are: vz(0) = 0.257¢0 for EBIT and v~(0) --- 0.613c0 for SuperEBIT,

with co being the speed of light. The dotted lines represent the measured beam

radii.
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Figure 4.12: Potential and kinetic energy components of an electron-beam electron

as a function of the radial distance. AH energy values are given as fraction of the

total energy which is defined by the potential difference between the electron-gun

cathode and the middle drift tube electrode, i.e., 18 keV for EBIT and 136 keV

for SuperEBIT. The quantities plotted are: The potential energy due to the space

charge of the electron beam Esc, the transverse kinetic energy due to the cyclotron

motion Eki,~,h, and the transverse kinetic energy due to the rotation of the electron

around the beam axis Eki~,l. The solid curves are the results using the EBIT

parameters, the dashed curves show the results using the SuperEBIT parrameters

(see Table 4.5). The dotted lines represent the measured beam radii.

51



0.99940

0.99935
c

W
0.99930

0

~ 0.999250
c
0
= 0.99920o

0.99915

0.994

0.993
W

0.992

0.991

0.990

i ’ ’ e,’’
- SuperEBIT

I I I i, I , I , I a I , I

0 20 40 60 80 100 120 140
¯ ’ I ’ I ’ I ’ I ’ I ’ I ’ I

(

, I i I
I’ , I , I , I , I , I

0 20 40 60 80 1 O0 120 140

Radial Distance from Beam Axis (#m)

Figure 4.13: Kinetic energy components of an electron-beam electron as a function

of the radial distance. All energy values are given as fraction of the total energy

which is defined by the potential difference between the electron-gun cathode and

the middle drift tube electrode, i.e., 18 keV for EBIT and 136 keV for SuperEBIT.

The quantities plotted are: The total kinetic energy Ekin and the kinetic energy

in axial direction Ek~n,z. Figure (a) presents the results for SuperEBIT, figure (b)

shows the results for EBIT. The parameters used for these calculations are listed

in Table 4.5). The dotted lines represent the measured beam,radii. The difference

between J~Jkin and ~Jkin,z is the kinetic energy in radial direction.
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4.2 Injection systems

There are three basic injection methods applied at the Livermore EBIT facility. In

particular, these are: ballistic injection of neutral particles via a gas injection system,

electrostatic injection of lowly charged ions which are produced in a metal vapor

vacuum arc, and a method based on sputtering atoms and ions from a coated wire

which is placed close to the electron beam at the trap region, i.e., the middle drift

tube.

4.2.1 Gas injector system

The gas injection system allows the ballistic injection of neutral particles which are

in a gas phase. The variety of injected materials includes noble gas elements (Ne,

At, Kr, Xe), molecules (N2, CQ, SF6, etc.), evaporated metals (K, Ti, Cs, etc.), 

complex organic compounds which are either available in a gas phase or have a high

vapor pressure at room temperature, e.g. iron pentacarbonyl (FeICO]5) which has 

vapor pressure of 40 Tort at 30 ~C.

The EBIT facility is equipped with a continuous and a pulsed gas injection system.

Both systems have differentially pumped two-chamber gas reservoirs (see Figure 4.1,

page 18) and employ fine adjustable valves, i.e., a thermally controlled valve for

continuous gas flow, and a current-pulse controlled valve for pulsed gas flow. For

the continuous gas flow active regulation is applied to the thermo valve which allows

to maintain a constant pressure in the reservoir regardless of the pressure on the

high-pressure end, i.e., the gas feeding line. The feeding line is connected to the gas

cylinder of choice, usually equipped with a regulator. Keeping the pressure in the

feeding line just a little bit above one atmosphere prevents possible contamination

with air.

The design of the differential pumping scheme allows to change the pressure in

the second stage of the gas reservoir (gas injector pressure) from the 1 ¯ -6 Torr

(1.33 ̄  10.4 Pa) level to the 1 - 10.9 Tort (1.33 ̄  10.7 Pa) level within a few minutes.
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Thus, depending on the position of the thermo valve any injection pressure within

that interval can be selected conveniently. One disadvantage of using a thermo valve

is that in case of a power failure no heating current can be applied and the valve

opens.

Although the gas injector pressure is only in the 10-9... 10-T Torr range, it is still

several orders of magnitude higher than the pressure in the drift tube sections, where

it drops to the 10-11 Torr level and below. The exact pressure in the trap region is

unknown since it is below the sensitivity of the pressure gauges, in particular, ion

gauges, employed which is the l0-n Torr (1.33 ̄  l0-° Pa) level. Besides, the pressure

gauges are mounted too far away from the trap area to allow an accurate measurement

of the true rest gas pressure in the trap region itself.

Since the pressure in the trap region is unknown, the absolute value of injected

and trapped particles can only be estimated. Considering a gas with a Maxwellian

velocity distribution the product of the free mean path A and the gas pressure p is

kT
A.p = ~/2a’ {4.46)

where k is the Boltzmann constant, T the absolute temperature, and a the cross

section for atom-atom {or molecule-molecule) collisions. At a given temperature the

product A. p is constant, e.g. for air at room temperature it is:

A. p ~ 10-4Tort̄  m ~ 1.33- 10-2Pā m , (4.47)

At a pressure of 10-6 Torr the free mean path of the gas particles equals 102 m. The

distance between the apertures in the differentially pumped gas reservoir is, however.

only in the 10-1-m range. Thus, there are basically no collisions between the gas par-

ticles along their way through the gas injector and the injected gas particles follow

ballistic trajectories, i.e., trajectories which are solely determined by the initial mo-

mentum of the particle. Only particles within a certain phase-space volume manage

to exit through the outlet’aperture, i.e., the orifice between the injection system and

the EBIT vacuum chamber. Gas particles which are outside this specific pha.se-spa, ce
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volume strike the walls of the injection chambers and most of these particles are re-

moved by the vacuum pumps. If not carried away by the pump some of the particles

might actually escape through the exit aperture after some reflections on the chamber

walls. These "stray" particles, however, are unlikely to cross the electron beam and,

thus, only increase the gas load onto the EBIT vacuum system.

Considering that for nitrogen molecules at room temperature the Maxwellian ve-

locity distribution has its maximum at about 420 m-g-, the effect of gravitation on the

trajectories of the injected particles is in the pm regime. Thus, the amount of injected

particles that actually cross the electron beam was estimated by applying the rules

of geometrical optics. A sketch of the geometric properties of the injection system is

shown in Figure 4.14. Using the notation introduced in this figure the solid angle of

the injected gas particles that intersect with the electron beam is given by

f~b = ¢ sin~ (4.48)

db
where ¢ = 2 arctan 2 xb

[and ~ = 2 arctan min

f~b
Thus, of all particles injected into the 27r half sphere, only the fraction ~ actually

crosses the electron beam. For EBIT this fraction, which represents the efficiency

of the injection method, is about 3- 10-z. The density of the injected gas at the

intersection with the electron beam is indirect proportional to the expansion of this

"gas jet" which is equal to the ratio of the surface of the half sphere A2~ which

originates at the center of the injector nozzle to the cross section of this nozzle Ao,

i.e.,
A2~ 8xb2

(4.49)Cexp ~ Ao - h02

The reciprocal values of the expansion coefficient c~p is in the order of 10-6 for the

EBIT and SuperEBIT gas injection systems and, thus, the density of the neutral gas

beam is reduced by about 6 orders of magnitude on its way from the injector nozzle
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Figure 4.t4: Schematic layout of the gas injection system, (a) side view, top view

(b). The injected beam is collimated by a set of small orifices with the diameter 

along the line of sight from the injector nozzle to the electron beam. The opening

polar angle ~a defines the quantity hb, i.e., the height of the electron beam which is

exposed to the "gas jet". In the azimuthal plane the opening angle ¢ is determined

by the diameter of the electron beam db.

to the electron beam. The parameters used for calculating the injection efficiency and

expansion coefficient are listed in Table 4.6.

For an ideal gas the density n depends only on the pressure p and the temperature

T of the gas, in particular,

n= p (4.50)
kT’

k being the Boltzmann constant. Determination of the "gas jet" density at the

inicersection with the electron beam requires knowledge about the pressure at ~he
I
1

injector nozzle, i.e., the pressure in the first gas reservoir. Although, the ion gauge

which is used for actively regulating the thermo valve only monitors the pressure

56

m



Table 4.6: Estimated values for the solid angle fib of the ballistically injected

particles, the efficiency of the injection method cell, i.e,, the fraction of the injected

particles which intersect with the electron beam, and the reciprocal values of the

beam expansion ~. The assignment of the geometric quantities can be taken fiom
Cexp

Figure 4.14.

index xi hi qPi

omm mm

0 0 0.75 90.0

1 150 1.59 1.21

2 300 2.38 0.9i

3 515 6.35 1.41

b 520 4.07 0.91

i
db ¢i f~b c~H ce~p

#m o sr

EBIT 61.6 0.0068 1.9-10 -6 3.0.10 -7 1.0-10.6

SuperEBIT 105.8 0.0117 3.2- 10-6 5.1.10-7 1.0- 10-6

in the second reservoir, the pressure in the first chamber can be inferred from that

measured value, because these two quantities are linked together by the geometric

properties of the differential pumping scheme including the pumping power employed.

For the EBIT gas injection system the pressure in the first chamber is about 80 times

higher than the pressure measured in tile second chamber [571. Thus, assuming a gas

injector pressure of 10-s T0rr, i.e., a density of about 3.3 ¯ t0s cm-3 at T = 293 K,

would yield a neutral density of 2.8 ¯ 104 cm-3 at the location of the electron beam.

¯ However, the pressure at the location of the nozzle of the gas injector is much higher
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than in the second chamber, and this estimate, thus, represents a lower limit of the

neutral density at the trap region.

As mentioned above, the Livermore EBIT facility is also equipped with a pulsed

gas.injection system which has a pulsed supersonic beam valveis. The amount of gas

released into the trap region depends on the pressure gradient and the pulse duration,

which is in’the order of 105 Pa and 30 to 60 #s, respectively. Typically, the pressure

in the gas injector is about 16 psi (!.1 105 Pa) at the high-pressure end of the pulsed

supersonic valve and in the mid 10-9-Torr (1.33-11 Pa) range at the low-pressure

end. The pulsed injection technique allows to inject a higher amount of particles

without increasing the overall gas load within one duty cycle. Moreover, when using

the continuous injection method the constant stream of neutrals not only degrades

the ultra high vacuum in the trap region but also limits the achievable charge balance

due to charge exchange between highly charged ions and neutrals of the same species.

4.2.2 Metal Vapor Vacuum Arc (MeVVA)

Another pulsed method for injection of elements which is available at the Livermore

EBIT facility is a Metal Vapor Vacuum Arc (MeVVA). This miniature arc has been

developed at the Lawrence Berkeley National LabOratory by Brown et al. I69, 701 as

an ion source for all metallic elements.

A high-current electrical discharge between anode and cathode electrode forms

several arc streams and, thus, hot spots at the location of the cathode. Through

these hot spots material from the cathode enter the arc plasma: The space charge

of the electrons in the arc streams is sufficient to pull the positively charged ions

towards the anode. When tile ions get close enough to the anode they see the strong

extraction potential applied between the anode electrode and the so called focus

electrode. At an focus-anode potential difference of 8 kV the extracted ion beam

current of the miniature arc is about 5 mA 1701. The pulse duration is in the order of

tsManufactured by R.M. Jordan Co. (see also [68]).
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20 #s and, thus, about 10-~ C, i.e., 6.24- 1011 elementary charges, are extracted per

pulse. Doubly charged ions are the most common species in the extracted ion beam

of the miniature arc 1711, and thus, each MeVVA pulse yields about 3- 1011 ions.

The ions which are extracted through holes in the anode and focus electrode move

towards the EBIT collector. An Einzel lens, which is mounted between the focus

electrode of the MeVVA and the electron beam collector, is used to project the ex-

tracted ions onto the beam axis past the collector region. Despite implementation of

the electrostatic Einzel lens only about 0.2% of the ions extracted from the MeVVA

are successfully injected into the electron beam. As soon as the ions hit the electron

beam they are radially confined by the electron beam’s space charge.

To ensure that confinement in axial direction takes place at the middle drift tube,

the potential of the drift tubes is set approximately equal to the anode potential of

the MeVVA which is basically the starting potential of the ions. Additionally, the

potential of the top drift tube is moved below the potential of the middle drift tube

during the injection process. When the decelerated ions reach the middle drift tube

region the potential of the top drift tube is raised again reestablishing the potential

well in axial direction. The potential distribution along the beam axis during injection

of the positively charge MeVVA ions and :during ionization of the trapped ions is

sketched in Figure 4.15.

By changing the electric connections for cathode and trigger electrodes the arc

discharge burns between anode and trigger wire and, thus, the MeVVA plasma con-

tains the trigger wire material which can be injected into EBIT. In fact, utilizing a

trigger pulse to initiate the discharge always causes sputtering of a few particles from

the trigger electrode material. Thus, the atomic number of the trigger wire element

should always be smaller than the atomic number of the cathode element, when two

different elements for the trigger wire and the cathode are selected~9. Additionally,

t-°At a given electron beam energy the charge state of an ion is proportional to its atomic number

and, therefore, heavier elements experience a stronger trapping force than lighter elements.

59



8

> 6

c-
(D

0

bmt

injection

DT

¯ -gun ""

ionization

Collector
. . o

a
:-L- MeVVA
C

Distance along beam axis

Figure 4.15: Qualitative shape of the potential along the beam axis from the elec-

tron gun (E-gun) to the MeVVA -- a... anode, c... cathode. During injection 

the MeVVA ions the potential of the middle (m) drift tube is equal to the potential

of the MeWA anode and higher than the top (t) drift tube potential. When the

ions reach the middle drift tube the top drift tube potential is raised and the ions

are trapped. The dashed lines are the floating potential for the whole drift tube

assembly (DT) and the E-gun assembly which includes the collector. In EBIT the

Ekgun cathode sits at ground potential. The SuperEBIT facility allows to bias the

E-gun assembly to almost -200 kV.

the neutrals in the plasma discharge condensate when they hit the surrounding walls

which can yield a thin coating of cathode material onto the trigger wire. This thin

layer of cathode material on the trigger wire enables to inject botl~ elements simulta-

neously when switching cathode and trigger electrodes as desi:ribed above.

The MeVVA injection method is, however, limited to conducting materials only.

Successful implementation of elements also depends on the ability to machine the

material into the required shape. Furthermore, a certain heat resistivity is important,

i.e., the melting point should be high enough that the arc does not cause a melt, down

of the MeVVA material.
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4.2.3 Wire probe

This injection method which is based on ion sputtering has been developed recently

I72] and requires only very small quantities (a few nanograms) of source material

permitting the use of rare and/or expensive materials. The material of choice is

coated onto a wire which is placed close to the electron beam in the middle drift tube

region. Typically, the tip of the wire is about 1 mm away from the beam axis. The

wire has to be biased in order to not significantly affect the potential distribution in

the trap. Since the ion densities at a given radius depend exponentially on the ratio

of potential energy to kinetic energy (Boltzmann distribution), it is most likely that

the ablation of the material is due to sputtering by lowly charged ions.

4.3 Vacuum and Cryogenics

The ionization rate and excitation rate of the highly charged trapped ions due to

the electron beam strongly depends on the collisional rate and, thus, on the electron

density of the beam. Radial compression of the beam is, therefore, essential and the

strong, stationary magnetic field required for this task is only achievable utilizing

superconducting electromagnets. The critical temperature of the superconducting

material employed at EBIT and SuperEBIT (Nbo.6 Tio.4) is Tc = 9.8 K. To cool the

magnet below the critical temperature the Helmholtz coils are submerged in a liquid

helium bath. The cryogenic design of EBIT includes also a liquid nitrogen shield

around the liquid helium reservoir to reduce the thermal load onto the liquid helium

reservoir from the surrounding room-temperature environment. Liquid nitrogen is

also used to cool the collector, which due to the impact of the electrons carries a heat

load of up to 400 W.

The liquid nitrogen shield is being filled up automatically every hour, the collector

cooling circuit is set to a permanent flow during operation. A 6000-1 tank which

supplies the liquid nitrogen for both machines, EBIT and SuperEBIT, has to be filled

every four days. The liquid nitrogen is, however, also used for all cryogenically cooled
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detectors and for nitrogen gas supply and, hence, the liquid nitrogen consumption

does not reflect solely the needs of the EBIT devices. During continuous operation,

i.e., 24 hours a day, seven days a week, the consumption of liquid helium is about 4 1

per hour for EBIT and 10 1 per hour for SuperEBIT. The liquid helium is supplied

in form of 250-1 or 500-1 dewars. The superconducting coils stay always connected

to the power supply through the magnet leeds which unfortunately are also very

good thermal conductors. Currently, no system is installed to recycle the boiled-off

helium. Howeverl the helium gas is reused to create a helium atmosphere for x-ray

spectrometers targeting the energy range between 3 keV and 20 keV.

EBIT requires a very high vacuum at the location of the trap in order to avoid

quenching of the high charge states of the trapped ions due to charge exchange with

the rest gas. The desired pressure of 10-11 Tort and below is achieved by several ion

pumps and cryopumps. Additionally, the liquid nitrogen shield and the liquid helium

reservoir work as big cryotraps where almost all rest gas particles condensate. Thus,

most of the rest gas present in the trap region comes from outside the cryogenically

cooled regions, especially from the electron gun and from the MeVVA. A decrease

of the pressure in these two regions reduces the gas load in the trap area,. narrows

the focus diameter, improves the stability of the electron beam, and .increases the

amount of ions injected from the MeVVA device. All these effects contribute to a

higher density of highly Charged ions in the trap. During operation the pressure in the

electron gun and in the upper chamber, i.e., between the drift tubes and the MeVVA,

should be in the 10.9 Torr range.

There are several interlocks installed that are triggered by the pressure in the EBIT

vacuum vessel. In particular, the observation ports are equipped with pneumatically

controlled valves which shut if the pressure in EBIT exceeds the 1 - 10-6-Torr limit.

The valve that separates the gas injector from EBIT is additionally interlocked with

the pressure in the g~ injector reservoir, and it is being closed when that pressure ex-

ceeds the 1-10-6-Torr limit. The electron-gun filament power supply, which provides
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the heating current for the cathode, is interlocked with the electron-gun pressure. The

power supply is turned off above an electron-gun pressure of 1 ¯ 10.7 Torr to avoid

destructive oxidation of the cathode.

4.4 Operation

Since the energy of the quasi monoenergetic electron beam is mainly determined by

the potential difference between the electron-gun cathode and the middle drift tube,

it can be controlled with only one power supply. In particular, this is the power

supply of the whole drift tube assembly (DT-level in Figure 4.15) which amplifies

an analog low-voltage input signal. This input signal can be steady state or of any

time-dependent form2° limited, of course, by the slew rate of the power supply21. The

DT potential is monitored using a high-precision high-voltage divider2~. Due to the

limited rise time of the power supply and the impedance of the drift tube assembly

the shape of the DT potential can be slightly different from the analog input signal.

The potential of each drift tube, i.e., bottom, middle, and top drift tube, is adjusted

by additional power supplies, which create potential differences on top of the overall

DT potential. Thus, these power supplies and all the signal-processing instruments

necessary for controlling the drift tubes have to float on the DT potential. The 110-

V, 60-Hz AC voltage needed for the instruments is created by a generator which is

connected to a motor through an electrically insulating axle and, thus, also sits on the

floating DT potential. Optical fiber links allow electric insulation of all input/output

signals between the main EBIT control racks and the control units which float on the

DT potential.

The signal processing logistic includes a time module with 32 synchronized 3.5-

2°A high-precision function generator -- Hewlett Packard. HP 3314A -- is used to produce the

time-dependent low-voltage input signal.
V

21At EBIT a Trek 20/20 power supply is used which has a slew rate of 350 --.
ps

22Commonly referred to as "Ross probe" -- manufactured by Ross Engineering Company, CA.
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V outputs with a minimum width of 0.1, 1.0, or 10 ms. Through a graphical user

interface, any sequential pattern of gates can be set for each of the 32 channels.

Optional loops of variable length and repetition increase the flexibility of the graphical

interface and allow implementation of any kind of periodical timing pattern with duty

cycles from the ms-range up to several n/inutes or even hours if necessary. The timing

cycle can also be stopped or restarted at any time utilizing different interrupt options.

The restart. (or abort) feature is, for example, useful in case the injection of ions from

the MeVVA has failed or the electron beam crashed, which, of course, empties’~’he trap

and, thus, instead of wasting a whole duty cycle a new injection can be started after

activating the restart option. For measurements on very high-Z elements, however, it

can be advantageous to increase the trapping time after successful injection occured

and, thus, the stopping option comes in handy.

A typical timing cycle includes the injection of the element of choice, the ionization

until the high charge states are obtained, the period Of data acquisition, and dumping

of the ions before high-Z elements intrinsic to the EBIT and SuperEBIT device

accumulate in the trap. Those "intrinsic" elements are, for example, barium and

tungsten from the electron gun assembly which eventually reach the trap and displace

lower-Z elements. The fact that heavier elements reach a higher charge state at the

same electron beam energy enables to cool ions by admixing lower-z elements. In

thermal equilibrium, i.e., at the same kinetic energy, the lower-Z elements are more

likely to leave the trap since the potential energy is proportional to the charge of the
/

ion. This method of cooling is referred to as evaporative cooling and is discussed in

detail elsewhere [45, 731.

4.5 EBIT versus SuperEBIT

Historically, the development of SuperEBIT was an upgrade of EBIT with tile main

goal to increase the upper limit of the applicable electron beam energy. The drift

tubes, optimized for trapping, exciting, and ionizing the highly charged ions, how-
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ever, are designed to withstand maximal 35 kV of potential difference between the

drift tube electrodes and the surrounding EBIT vacuum vessel. In particular, EBIT

can currently be operated at a maximum drift tube potential of only 15 kV to 20 kV,

at SuperEBIT a drift tube bias of 28 kV was successfully applied in a recent ex-

periment. Further Jincrease of the electron beam energy is achieved by negatively

biasing the electron gun. A new collector had to be designed which keeps the po-

tential difference to the electron-gun cathode constant, in particular, to about 2 kV.

Therefore, at the collector the electrons have only a fraction of the energy they had

at the middle drift tube and the heat load onto the collector and the hardness of the

Bremsstrahlung are tremendously decreased. So far, the lowest potential with which

electrons have been launched was -207 kV -- during an experiment performed by

Crespo et al. 133]. Additional steering elements for the electron beam are required

since the SuperEBIT collector sits about 125 cm above the location of the "old" or

"original EBIT" collector, which was kept in the machine.

The cooling system for all electrodes of the electron gun and collector assembly

has to float at the electron-gun potential, too. Thus, the automatized liquid nitrogen

cooling circuit can not be utilized for cooling the SuperEBIT collector. A separate

cooling circuit is installed with kerosene as coolant2a. This kerosene cooling sys-

tem is currently the weakest link in the chain of subsystems which are essential for

SuperEBIT operation.

4.6 Other EBIT facilities

Cloning in the world of physics is less controversial than in the biological or medical

fields, in fact, it is certainly a sign of success if experimental devices are duplicated.

23Freon, which would be a much better coolant in terms of heat capacity and electric insulation

is, unfortunately, a potential environmental hazard, especially in a high-voltage enviromnent, where

the presence of an electric spark could cause chemical reactions creating highly toxic byproducts of

the carbon-hydrate fluorides.
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In case of EBIT several devices -- copies and standalone developments -- exist to

date worldwide:

¯ Clarendon Laboratory, Department of Physics, University of Oxford, Oxford

UK ]741.

¯ Atomic Physics Division, National Institute of Standards and Technology, Gaithers-

burg, MD, USA 175t.

¯ University of Electro-Communications, Chofu, Tokyo, Japan I761.

¯ Max Plan& Institut fiir Plasmaphysik, Bereich Plasmadiagnostik, EURATOM

Association, Berlin, Germany 1771.

¯ Supposedly, there are also two EBtT devices in Moscow but they are not oper-

ational due to the lack of financial support.

The existence of al.l these EBIT facilities demonstrate the feasibility of this device

for production and investigation of highly charged ions. Moreover, it clearly shows

the increasing interest of the physics Community of various fields, e.g., atomic physics,

plasma physics, astrophysics: and surface science, in highly charged ioits.
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5 X-ray Spectrometers

Two different groups of x-ray spectrometers are currently used at the Livermore

EBIT facility, i.e., low-resolution solid-state detectors and high-resolution crystal

spectrometers. The solid-state detectors are the work horses in respect to broad-band

surveys of the x-ray radiation emitted from the ion trap region. A short description

of solid-state detectors, in particular, high-purity germanium detectors, is given in

Section 5.1 below. Among the high-resolution crystal spectrometers used at EBIT

and SuperEBIT the following Sections focus on the yon H£mos and the DuMond

spectrometer geometries, which were used for the high-resolution measurements of

the n = 2 ~ 1 transitions in highly charged krypton and xenon, respectively (see

Chapters 6 and 7).

5.1 Germanium detectors

Like all solid state detectors, germanium detectors are, basically, semiconductor

diodes. A lithium-diffused layer of the germanium single crystal forms the "n-

contact", i.e., the area where negative charges are enhanced. Ion implantation of

boron ions creates the enrichment of positive charges and this layer forms the "p-

contact". A voltage is applied with such a polarity that the crystal volume between

n- and p-contact is charge depleted and, thus, no DC current can flow through the

semiconductor device. Upon impact of an x-ray photon electron-hole pairs are pro-

duced in this volume and a current pulse can be detected in the circuit. The number

of electron-hole pairs is proportional to the photon energy, which allows the spectral

decomposition of the incoming x-ray radiation. In particular, an energy of 2.96 eV is

needed to create an electron-hole pair in a germanium crystal which is at a tempera-

ture of 77 K 1781. The size of the detectable current pulse, however, also depends on

the electrical field strength in the crystal. Therefore, the sensitivity of the detector is

proportional to the magnitude of the electrical field strength. The resolution depends
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on the uniformity of the electrical field across the diode. Typically, the magnitude of
kV

the electrical field strength in the germanium crystal is around 1 cm" Such a field

strength requires a cryogenically cooled crystal since too many intrinsic charges are

present at room temperature which would yield destructively high currents. Due to

the application of cryogenics,’crystal and Field Effect Transistor (FET) are embedded

in an evacuated aluminum capsule with a beryllium window in the front. A concise

compilation of some parameters of the germanium detectors used for measurements

presented in this thesis is given in Table 5.1.

Table 5.1: List of some germanium detectors used at the Livermore EBIT facility.

The concise compilation of some detector parameters includes: the area Axtat, and

volume Vztaz of the germanium crystal, the thickness of the beryllium window dwi,~,

and the energy resolution measured at 5.9 keV. The column ID is for reference

purpose only.

: Model A,~tal V,~t~l d~,~,~ AE ID

mm2 mm3 #m eV

EG&G GLP 16195/10 201 2011

PGT IGP 210185 210 2100

EG&G GLP 36360/13-P 1018 13232

EG&G LOAX 51370/20-P 2035 40696

EG&G LOAX 60495/30-P 2827 84823

127 195 small GLP

127 185 IGP

254 360 big GLP

508 370 small LOAX

508 495 big LOAX

5.1.1 Detector efficiency

The efficiency of the germanium detectors is equal to the probability that the incoming

x-ray photon gets absorbed in the charge depleted zone of the germanium crystal.

The x rays have to first penetrate the beryllium window and then either the 600-pro

thick n-contact or the 0.3-pro thick p-contact. These !&vers are also called the "dead
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layers" of the germanium crystal. In all the germanium detectors listed in Table 5.1

it is the p-contact which faces the beryllium window. The fraction of x-ray photons

which penetrate a material of thickness d is given by:

T = = (5.1)
Io

where I0 denotes the incoming and It the transmitted x-ray intensity, and # is the

mass attenuation. In mos:t Tables the mass attenuation coefficient is normalized to

the density of the material p, i.e., u The fractional amount of absorption is given byp"

A
I.

1 e-"d (5.2)
I0

assuming that none of the incoming x-rays are reflected. The mass attenuation

represents the overall energy loss of the incoming photon due to interactions with

the target material. The main processes contributing to the energy loss of the x-ray

photon can be divided into following groups:

¯ Photoelectric absorption,

¯ Coherent scattering (Rayleigh scattering),

¯ Incoherent scattering (Compton scattering), and

¯ Pair production.

In the photoelectric absorption process the whole energy of the incoming x ray photon

is converted into the binding energy plus the kinetic energy of an originally bound

electron, also known as photoelectron. Filling the vacancy created due to this pho-

toionization leads to the emission of either characteristic x rays or Auger electrons. A

rough approximation of the probability of photoelectric absorption for a photon with

the energy Ehu interacting with an atom of atomic number Z is
!

Z~
~- ,-~ Const.- (5.3)

Ehv
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where the exponent a varies between 4 and 5 for [791. This proportionality, of course,

does not account for the characteristic shell structure of the element of atomic number

Z. The constant (Const.) has the dimensions of Energy3/Length and, thus, the

quantity ~- is compatible with the mass attenuation factor # given in the equations

above. The photoelectric absorption is the dominant part of the x-ray germanium

detector interaction considering that for all measurements presented in this thesis

the x-ray energy is below 160 keV. The coherent scattering or Rayleigh scattering

describes the energy loss d"ue to resonant oscillation of the atoms, especially the
\

electrons of the atoms, with the electromagnetic field of the passing x-ray photon.

The amount of coherently scattered energy is according to Lord Rayleigh proportional

to the photon energy and the refractivity of the medium [80, 81]. The attenuation

due to coherent scattering has the form:

8 7r3
O’coh - 3NA4 (n2. 1)2 n

-- 6 z{N Co ~- rn, e2 ~02 alo2-aY2q-icd"/ - (5.4)

/Ne4 1

- 77o2 [1 aa_a lzh. \E~,./ 

Only the motion of the electrons is taken into account and, thus, N represents the

eiectron density. Tile refractivity n~-i was substituted with the term We2 1
¯ D-le £0 to 0 2 -- co2 -}-,/, oj ,’,/

182, 831. The quantities A, co, and En, characterize the x-ray photon. Ee- is the total

energy of the coherently oscillating electrons, me the electron mass, and Co the speed

of light. The quantity coo describes a resonance frequency of the electron, e.g., the

frequency of a dielectronic transition between two bound states, and 7 is the damping

of the electron’s oscillation due to collisions. Actually, the sum of all possible resonant

transition frequencies should be used instead of only one. For the discussion of the

qualitative behavior of the attenuation clue to coherent scattering in the domain of

x-ray energy, however, the use Of only one resonance frequency and, thus, only one

transition energy Eo is sufficient. Assuming that the x-r~, energies are far away
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from any of the resonance energies of the medium the amount of coherently scattered

photons is mainly determined by the total energy of the electrons. Therefore, the

attenuation decreases with increasing x-ray energy.

The incoherent scattering can be split into a scattering component (Compton scat-

tering) and an absorption component (Compton absorption). The Compton scatter-

ing process describes the partial transfer of the x-ray energy and momentum to an

electron. The cross section for Compton scattering can be estimated using the Klein-

Nishina formula which is a fully relativistic approximation for high-energy photons

[84, 851. Thus, the attenuation -- the macroscopic equivalent to the cross section --

due to this process is

Ne4 1

67r ~o2 Ee_2 ’cri,,c,s

.. (,1 _ 2 ~e_)

(5.5)

with the same notation as in’ eq.(5.4). The attenuation based on pair production

requires a minimum photon energy of 2 m0 coS = 1.02 MeV. Therefore, this process is

not relevant for any of the presented measurements.

Figure 5.1 shows the mass attenuation and the various components according to

the discussion above as a function of photon energy for the elements beryllium and

germanium. Considering the probability for absorption of the x-ray photon in

the beryllium window and the p-contact "dead layer" of the germanium crystal the

efficiency of the germanium detector fleet is approximately

TJclet ~ Twin" Tcon" Aztal =
(5.6)

The indeces win, con, and ,~t,l, stand for window, contact, and crystal, respectively.

The fact, that for x r~,s within a certain energy interval above the K edge the atten-

uation is higher than for the characteristic K-shell x rays increases the probability

for those characteristic x rays to escape tile germanium crystal. Thus, the detected

energy is reduced by tile energy of the escaped photon which is a characteristic quan-

tity of the target material. As a result additional features appear in the detected
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Figure 5.1: Total mass attenuation coefficient # for beryllium (p = 2.34 gcm-3) and

germanium (p = 5.32 gcm-3) in the domain of x-ray energy. The main contribution

are the photoelectric absorption O’ph in the low-energy regime and the incoherent

scattering (Compton scattering) Ginc,s for high-energy photons. The fraction of the

attenuation due to coherent scattering (Rayleigh scattering) is always below 10%..

The-sharp increase of the germanium attenuation coefficient at ]1.10 keV is the K-

edge of this element, i.e., the threshold energy above which it is possible .to remove

K-shell electrons.The label Kc~ marks the energy of the characteristic n = 2 ---* ]

transition.
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spectrum, the escape peaks. The counts accumulated in the escape peak features are

actually missing from the spectral region of the x ray which caused the initial K-shell

photoionization. Therefore, the detector efficiency for this region is reduced by the

fraction of characteristic K-shell photons which escape the germanium crystal. A

detector efficiency versus x-ray energy plot is shown In Figure 5.2 the detector effi-

ciency is plotted versus the energy of the detected x-ray photons. For high-energy

x-rays the detector efficiency mainly depends on the depth of the germanium crystal.

The K-edge of the germanium mass attenuation coefficient seen in Figure 5.1 does

not appear in the detector efficiency curve due to the thickness of the germanium

crystals. In fact, it only takes a 300-#m thick layer of germanium to absorb 99% of

all x-rays with an energy just below the germanium K-edge, i.e., just below 11.1 keV.

However, right above the K edge the detector efficiency shows a little dip. The effi-

ciency drop is caused by the increased probability for characteristic K-shell x-rays to

escape the germanium crystal since the mean absorption depth of x rays with energies

slightly above the K edge is much smaller than of characteristic K-shell x rays. In

the low-energy regime the efficiency is dominated by the thickness of the beryllium

window. The design of the window has to withstand the pressure difference between

the evacuated capsule and the outside pressure. Thus, the window thickness and the

crystal size are correlated parameters.

5.1.2 Detector resolution and apparatus profile

The detector resolution is determined by the jitter in the current pulse which is

detected upon impact of x-rays of constant energy. This jitter depends on the x-ray

energy. For photon energies (E) up to 1.5 MeV, the following approximate expression

is useful for predicting the resolution of a germanium detector:

(5.7)
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Figure 5.2: Efficiency of the germanium detectors listed in Table 5.1 in the domain

of the x-ray energy. The absorption probability of a low-energy x-ray is dominated

by the thickness of the beryllium window. The efficiency in the high-energy regime

is determined by the thickness of the germanium crystal. The dip in the detec-

tor efficiency right above the K edge of germanium is due to the increased escape

probability of characteristic K-shell x rays.

The energy resolution A E is defined as the full width at half maximum (FWHM) 

the spectral line. The noise line width N describes the minimum line width achievable

and, thus, is a detector specific quantity. The noise line width includes the dependence

of the resolution on tile impurities in the germanium crystal, which affect the energy

required to create an electron-hole pair in the crystal, and on the spatial distribution
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of the electrical field strength across the crystal volume. Furthermore, the detector

resolution is sensitive to changes in the temperature of the crystal, and to fluctuations

in the count rate. These factors affect the energy required for an electron-hole pair

production in the germanium crystal, and the mobility of the charges in the crystal.

Electronic noise in the data acquisition process adds to the jitter in the current pulse

signal, too. The energy resolution of the germanium detectors listed in Table 5.1

was calculated using eq.(5.7) and the result isshown in Figure 5.3 together with the
E

resolving power, AE"

Within the energy regime of interest for atomic physics such a resolving power is

not sufficient for measurements involving the line profile characteristic to the observed

x-ray source. The appearance of all observed lines is dominated by the apparatus

profile. This apparatus profile of the germanium detector is asymmetric combining

the statistical, thus, symmetric broadening of the line due to electronic noise and

charge production statistic in the germanium crystal with asymmetric components,

i.e., a low-energy tail due to field strength reduction caused by the produced charges

and incomplete charge collection in the germanium crystal, and a higher background

at the low-energy Side of the observed line due to escape peaks. The probably best

description of the actual peak shape has been developed by Gunnick et al. I86, 87, 881

here at the LLNL24. Accounting for the symmetric and asymmetric components their

line profile has following analytic form:

(~-~):
eb(~-~) :o" j H(~- x), (5.8)f(x)=yoe 2o-7 +ayo 1-e

where ̄  is the line centroid with the amplitude yo, and a, b, and c are the free

parameters for fitting the low-energy tail. H is the Heaviside function which takes on

the value 1 for positive arguments, i.e., 5 - x > 0, and 0 otherwise. Thus, the second

term only contributes to the low-energy side. A somewhat refined version of this

profile was incorporated in a software package written by D.A. Knapp, and used for

24A concise discussion of this line profile can be also found in Ref. [89] which might be easier

accessible than the technical report cited above
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Figure 5.3: Intrinsic resolution and resolving power of some germanium detectors

listed in Table 5.1 in the domain of the x-ray energy.
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the analysis of M1 spectra taken with a germanium detector, e.g., the measurement

of the xenon Ly-at transition energy presented in Section 7.2, page 175.

The germanium detectors are the work horses at the Livermore EBIT facility.

Their broad spectral range makes them the perfect tool for performing a spectral

survey of the x-ray radiation emitted by the trapped ions. Additional advantages are

the easy setup and the transportability of these detectors.

5.2 High-resolution crystal spectrometer

In crystal spectrometers the internal crystal structure is used for spectral decomposi-

tion of the observed X-ray radiation by means of diffraction. Thus, crystal spectrom-

eters are wavelengths selective instruments, in contrast to the Solid state detectors

where energy selective principles are applied for spectrally resolving the incoming

radiation. Since the first experimental verification of the diffraction of x-ray I901 and

the first successful implementation of crystals for spectroscopic purposes I911, a large

amount of different types of crystal spectrometers has been developed. The high res-

olution generally achievable with these diffraction instruments, however, limits the

band width of simultaneously observable x-ray energies. Additionally, the efficiency

is usually lower for crystal spectrometers compared to solid state detectors.

The following Sections focus on only two spectrometer geometries, i.e., the yon

H~mos reflection-type geometry 192, 931 and the DuMond transmission-type geom-

etry I941. Both geometries are based on a cylindrically bent crystal design. The

von H£mos type spectrometer requires position sensitive detection of the diffracted

x rays, which is not the case for the DuMond type setup where the spectrometer is

used as a monochromator. Therefore, the brief overview of the type and properties of

the position sensitive detector is organized as a part of the yon H£mos spectrometer

section. Before describing the properties of the spectrometers a brief introduction to

the theory of x-ray diffraction is given.
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5.2.1 X-ray diffraction

Following the suggestions of Ewald I951 the theory of x-ray diffraction can be divided

into four stages regarding the depth of treatment, i.e., the amount of various physical

processes which are accounted for:

¯ the geometrical theory,

¯ the kinematical theory,

¯ the dynamical theory, and

¯ the quantum theory of diffraction.

In the simplest approach, the geometrical theory, the crystal is considered as a perfect

infinite three dimensional structure. Calculating the difference in the optical path be-

tween the scattered perfectly monochromatic x-ray wavelets allows to determine the

directions under which the wavelets constructively interfere and, thus, the diffracted

x rays appear. Considering only one specific lattice orientation and only one x-ray

w~velength determines completely the direction of incidence and scatter with respect

to the lattice planes defined by the given orientation. The relation between the wave-

length A, the angle of incidence 0 and the distance between the lattice planes d is

given by Bragg’s law I91] , which has the form:

n)~ = 2d sin 0 (5.9)

with n being the order of diffraction. Including the dependence of the index of

refraction on the x-ray energy modifies Bragg’s law to [961:

nA = 2d~ 1-~-~ sin0 , (5.10)

where d~ denotes the lattice spacing at x-ray energies far above any resonance line

of the crystal, n the order of diffraction, 3 the deviation of the refractive index # from

unity, i.e., ~ = 1 - #, ,~ the wavelength of the x rays in air, and 0 the Bragg angle.
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Note, that instead of varying the wavelength according to the index of refraction this

equation introduces a variable lattice spacing which depends on the wavelength and

order of diffraction. By comparing eq.(5.9) and eq.(5.10) this variable lattice spacing

can be expressed as a function of the order of diffraction and the wavelength, i.e.,

= 2doo 1 - V (5.11)

Usually, the factor ~ is much smaller than one and, thus, the variable lattice spacing

2d,~,a is a only slowly changing function with respect to lambda. An observable

impact of the effect caused by the index of refraction on the 2d spacing has only

been encountered when comparing spectra which were taken at different orders of

diffraction (see Section 6).

The next stage, the kinematical theory, accounts for the spatial limitation of the

crystal structure. This modifies the spatial frequency of the scattering centers, i.e., the

atoms, allowing more relaxed conditions with respect to the directions of diffraction.

Thus, these directions are defined by an angle distribution 0 + A0 instead of only a

single angle. Quantities like the resolving power of the crystal become accessible with

this approach. The kinematical theory, however, still lacks some fundamental aspects,

such as conservation of energy. This problem of energy transfer from the incident x-

ray beam onto the crystal and to the various reflection beams or transmission beams

is addressed by the dynamical theory. The quantum theory of diffraction, too, includes

the conservation of energy since the x-ray radiation field and the state of the crystal

are considered as parts of one single system. Balancing the total energy allows an

estimate of the crystal’s reflectivity, for example.

5.2.2 Reflection-type spectrometer von H~imos geometry

The crystals employed in reflection-type spectrometers are cut in such a w~T that the

lattice planes of interest are parallel to the crystal surface, i.e., the front side of the

crystal. The incoming and the diffracted x rays are, thus, in the same half space with
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respect to the crystal surface. The reflection-type geometry was the geometry of the

prototype of crystal spectrometers developecl by the Bragg’s25 I91]. The advancement

in the von H~imos design [92, 93] is the implementation of a cylindrically curved in-

stead of a fiat crystal, where the curvature of the crystal is along the "non-dispersive"

direction, i.e., the direction given by the trajectories of constant Bragg angle. The

axis of the cylinder, which describes the crystal’s curvature, defines the optical axis

of the von H~mos geometry. Therefore, the center of the spectrometer entrance slit

and the center of the detector should be apart of this axis. The principal setup of

avon H~mots spectrometer is shown in Figure 5.4. With the crystal curved along

the non-dispersive direction an image of the slit is obtained at location of the opti-

cal axis. This enhances the intensity tremendously in comparison with a fiat-crystal

spectrometer. The yon H~mos design, thus, opens the window on high-resolution

measurements since the detected intensity is no longer indirect proportional, to the

square of the entrance slit to detector distance.

Due to the special source geometry of EBIT and SuperEBIT, i.e., the 12.7-ram

high and less than 100-#m wide accessible electron beam trap region, no entrance slit

is required for the implementation of a von H~imos spectrometer since the trap region

itself qualifies as a slit. Although the trap region is imaged onto the plane defined

by the electron beam and the optical axis the standard yon H~mos spectrometer

setup at the EBIT facility is based on a detection of the diffracted x-rays within a

plane which is basically perpendicular to the incoming x-rays. This modification is

necessary due to the use of a gas-filled proportional counter instead of an x-ray film.

The gas-filled detector, however, has a significant depth and, therefore, the "correct"

setup would introduce a large decrease in the resolving power due to the parallax

effect. A typical von H~mos setup at the EBIT facility is sketched in Figure 5.5.

Using the notation introduced in this Figure, the angular range observable with this

25Father William Henry and son William Lawrence Brag, g;
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Figure 5.4: The axis of the cylinder which describes the curvature of the crystal

(radius R) is the optical axis of the von H~mos spectrometer setup. All x rays

emitted form the point where the source intersects the optical axis (4 = ¢ = ~ = 0)

hit the crystal at a Bragg angle 0 which is solely determined by the distance between

the source point and the crystal surface and, thus, by the coordinate ~ of the x-ray

impact position. The wavelength-selective images of this point are formed along the

optical axis. For an extended source, however, the Bragg angle depends on the angle

X and the image becomes distorted. These aberrations are smallest ¯if the source
extends in the "non-dispersive" direction as sketched in this Figure.

spectrometer is either

4 w~ R sin 00
tan (0.,~ - O.~i,~) = 4 2 -w~2 si n2 O0’ (5.12)

assuming that the limitation is given by the width of the crystal w~, or

2 wa R sin Oo
tan (0,,~ - Om~) , (5.13)

4 R2 - ~,a2 sin20o4
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Figure 5.5: A sketch of the EI3IT/SuperEBIT device is shown in a cross section

with the electron beam in the center of the device and perpendicular to the page.

Geometric quantities important to the yon H~imos spectrometer setup are: the radius

of the crystal curvature R, the various Bragg angles 0, and the crystal and the

detector width wc and wd, respectively. The detector plane Sd and the orientation

of the spatially resolved direction xa are used for the determination of the imaging.

properties of the von H£mos geometry. "

when the limitation is due to the width of the detector window. The position sensitive

detectors used for the yon H£mos spectrometers at the EBIT facility have a window

which is twice as wide as the crystals and, thus, the angular range is always limited

by the crystal width. The minimum and maximum Bragg angle achievable with this

setup are
tan 00

tan 0.~.i.,.~a.~ 1 + ~ tan 0o (5,14)
2R

which together wit, h the 2d spacing of the crystal gives the minimtma and maximtma

wavelength of the observable x-ray band according to eq.(5.9).

For the determination of the dispersion the ~wo quantities xd and ~-d are introduced,
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where the first just defines the orientation of the spatially resolved direction and ed

denotes the detector plane as seen in Figure 5.5. The Bragg angle 0 of a line detected

at the location x on the detector is

O = Oo + arctan (x-x° ):~-~ sin00 ,
(5.15)

where 00 is the Bragg angle of the x-ray beam which would be perpendicular to the

position sensitive detector plane ed and would hit the detector at the position Xo. For

crystals with a large radius of curvature with respect to the spatial separation of the

lines in the detector plane, i.e., 2R >> (X-Xo), the angular dispersion becomes a linear

function of the line position x on the detector. The dispersion with respect to the

wavelength involves again the sine function and, therefore, is usually not linear in the

domain of z. Ideally, there are only two calibration lines necessary for determination

of the parameters 0o and Xo. The measured uncertainties, however, have a significant

impact on the solution for these parameters and the use of more calibration lines is

always advisable.

The resolving power of the von Hgmos spectrometer depends on several compo-

nents which include the spatial resolution of the detector, the resolving power of the

crystall the spatial extension of the x-ray source, and the imaging aberrations due to

the spatial extension of the x-ray source. The imaging aberrations have a decreasing

impact on the resolving power especially, if the detector can only resolve one spatial

dimension, as is the case for all position sensitive proportional counters at the Liver-

more EBIT facility. A detailed discussion of the resolving power in connection with

a measurement is presented in Section 6.1.1.1, and only the imaging aberrations are

considered in following. The imaging properties derived by yon Hgmos t92] allow the

calculation of the location of the imaged point with respect to the direction given by

the optical a~\is ~ as a function of the source point position ~/, and ~ (see Figure 5.4

for the geometric assignment of these coordinates). Assuming that the source is part

of. the ~b axis, i.e., ~ = { = 0 for all source points, the distance { at which the image
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appears is

~ = 2 (R- ¢sin x) l ( R- ysin )~ )2 - ~b2 c°s2 ’R- 2¢sin x
tanOo

(5.16)

where 0 < 2X < rr is the polar opening angle of the crystal seen from the optical

axis.26 Figure 5.6 shows the deviation in the distance { with respect to the iniage of the

source center (~(¢) -~(0)) as a function of the height of the source point ¢ for several

different radii R. The accessible height of the electron beam region is marked with

dashed lines. Using a detector with only one dimension of spatial resolving power

introduces a line spread due to the integrated measuring technique along the non-

resolvingdimension. The calculations which were performed assuming Bragg angles

of 28° and 45° show that the line spread caused by the imaging properties of the von

Hgmos geometry can is below the 100 #m regime for most arrangements, except for

the 30-cm curvature crystal geometry, where the maximum deviation from the image

of the source center is 130 pm at a 45° Bragg angle. This deviation is symmetric

with respect to the optical axis and, thus, the imaging properties of the yon Hgmos

geometry introduce an asymmetric line broadening, which strongly depends on the

radius of curvature of the crystal and less strongly on the Bragg angle.

However, the discussion about the resolving power of the yon Hgmos spectrometer

in context with the measurement of the Ka radiation of highly charged krypton in

Section 6.1.1.1 reveals that the source image aberrations are only of minor impor-

tance and is much less than, for example, the line broadening caused by the spatial

resolution of the detector, discussed below.

5.2.2.1 Position-sensitive proportional counter

The von Hgmos geometry requires position sensitive detection of the diffracted x-

rays. The low x-ray flux at EBIT/SuperEBIT, however, makes it an experimental

261n the original version [92] the radius _R is set equal to one. Note, that the quantity Yl in von

Hgrnos’s paper is treated as a negative number and, thus, at the beginning of eq.(1) it should state

OtPr = -y>

I
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Figure 5.6: Position of the imaged source points with respect to the image of the

source center, ~(¢) -~(0). The deviation from the ideal position is p]otted 

function of the vertical distance from the optical axis. The graphs were rotated

for better visualization of the effect of the vertical extension of the x-ray source,

i.e., the hight of the electron beam trap region hTrap. The image positions were

calculated according to eq.(5.16) with Bragg angles of (a) ° and (b) 28°. The

radii of curvature are the different radii currently available at the Livem]ore EB[T

facility.
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challenge to find the fine line of sufficient resolution, optimized counting efficiency,

and low background. The detector type best suited and most flexible with respect to

this compromise is a gas-filled proportional counter.

The detection mechanism is based on the ionization of an atom or molecule of the

gaseous medium in the detector due to photon impact. This is equivalent to the pho-

toelectric absorption in the solid state detectors discussed under Section 5.1.1 above.

The ionization probability depends, like the probability of photoelectric absorption,

strongly on the atomic number of the elements in the gas with which the x-ray pho-

ton interacts. Therefore, the noble gas elements are the preferable choice. Having

a gas which is chemically inert with respect to all substances used in the detector

design is an additional advantage. The much lower density of the gaseous medium

in the proportional counters versus the solid state crystal in the germanium detector

yields a much lower attenuation of the incoming x rays assuming similar geometric

extensions, of course. Additionally, the efficiency loss due to the escape of charac-

teristic innershell x-rays emitted by the photoionized gas atoms.is more pronounced

than in the solid state detectors Compensating the lower attenuation by increasing

the detector volume would lead to a decrease in the spatial resolution achievable.

Increasing tile gas density, however, improves the detection efficiency while keeping

the detector dimensions constant.

The detection of the x-ray photon is, thus, converted into the detection of the

ionization products, i.e., the ion and especially the photoelectron. The electrons and

ions are accelerated by an electrical field which is applied across the gas-filled de-

tector volume. The electrons gain enough kinetic energy to ionize more neutral gas

particles on there way to the anode which is an array of thin wires. The magnitude of

this avalanche of electrons is very sensitive with respect to the electrical field st.rength

and, thus, tile high voltage which is applied to tile detector’s electrodes. Admixinga

so called quenching gas, e.g’., methane or isobutylene, provides some internal protec-

tion against the startup of self Sustaining discharges that could destroy the extremely
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thin anode wires of the detector. The controlled micro discharge created after ini-

tial photoionization is a detectable current pulse, and the amplitude of this pulse is

proportional to the energy of the ionizing x-ray photon, assuming that the current

pulse profile is a constant quantity. Due to this electron avalanche the distribution

of the electric field strength is not as homogeneous as in the case of the germanium

detectors. Therefore, the pulse in a gas-filled detector has a much broader response

with respect to the pulse hight signal, and the resolving power of the gas-filled detec-

tor as a spectrometer by itself is nmch lower than that of the germanium detectors.

However, the resolving power is sufficient for using the pulse height distribution of the

detected signal as a tool for the suppression of background counts, i.e., the low-energy

noise counts and the very high-energy pulses generated by gamma rays.

The design of the position sensitive proportional counters used with the yon H£mos

crystal spectrometer is similar to the "K£11ne" detector [971 which was designed for

soft-x-ray applications. Several modifications have been made allowing the efficient

detection of higher x-ray energies I98], e.g., the 13-keV photon energies emitted

by n = 2 ~ 1 transitions in heliumlike krypton (see Section 6.1). The proportional

counter has an active volume of (95 x 30 x 4) 3 and is fil led wit h 70%(by volume)

xenon and 30% methane. The pressure in the detector is 5.38 bar (78 psig) above

atmosphere. After three purging cycles, i.e., carefully filling and releasing the gas, the

amount of residual gases’in the detector is below 1%, and the final xenon-methane

gas pressure is roughly 6.4 bar. The high pressure requires a l-ram thickness of the

beryllium window which is mounted on a stainless steel lid that includes a support

structure for the (95 x 30)-ram2 window. This support structure is a set of three

horizontal ribs 1.5 mm in height which block out 15% of the incident x rays.

The anode consists of eight parallel very thin gold wires and is placed exactly

between the cathode and the beryllium window. The latter acts like the cathode on

ground potential. The symmetric arrangement is crucial for the homogeneity of the

electrical field across the active detector volume. The key to the position sensitivity is
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a cathode delay line etched on a printed circuit board. When the electron avalanche

hits the anode wires it induces a mirror charge at the equivalent position of the

cathode. Both ends of the anode and of the cathode are connected to the power

supply and signal processing units, .respectively. Thus, the current pulse travels in

both directions. The time difference between the arrival of the first "half pulse" at

one end of the delay line and the second "half pulse" at the other end depends on

the location of the electron avalanche impact. Due to the delay line design of the

cathode electrode the time difference becomes a comfortably detectable quani~ity. In

particular, it takes about 160 ns for the pulse to travel from one end to the other end

of the delay line. Basically, the longer each loop2T of the cathode delay line and the

narrower the path on the printed circuit board, the better the spatial resolution. The

spatial resolving power of the current proportional counter design is, actually, limited

by the width of the electron avalanche at the location of the anode wires. This

final size of the micro discharge is proportional to the gas pressure and indirectly

proportional to the strength of the electrical field. It .also depends on the spatial

distribution of the photoelectrons initially created by the x-ray impact. The range

of the photoelectrons increases with x-ray energy but decreases with gas pressure:

For the determination of the detector’s spatial resolution a 51-#m slit collimator

was designed with a special mount for x-ray sources, contained in a 5-mm diameter

capsule. The collimator is attached to a high-precisi0n translation stage allowing the

characterization of the,detector resolution as a function of the position and the de-

termination of the spatial dispersion of the experimental setup. Figure 5.7(a) shows

theresult of such a measurement, i.e., the narrow lines detected from a 55Fe source

mounted on the back of the collimator as a function of coliimator position with respect

to the dispersive (horizontal) direction of tile detector/ The widths of the recorded

lines range from a minimum of 145 #m, in the center, to 200 #m at tile edges of

the active detector area. The intrinsic width of the lines, i.e, the width of the colli-

27The loops are perpendicular to the anode wire array for optimized spatial resolution.

/
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mated beam at the position of the anode wires, is 120 pro. The detector resolution is

determined by the deconvolution of measured and intrinsic profile. A simple approx-

imation by assuming Gaussian line profiles yields a detector resolution of 80 pro, in

the center, to 160 #m at the edges. This is about two times better than ;he spatial

resolution of the low-pressure version (~ 1 bar over pressure) 157]. A comparison

between the high±pressure and the low-pressure version of the proportional counter

with respect to some characteristic parameters is given in Table 5.2.

Table 5.2: Comparison of some characteristic parameters of a position sensitive

proportional counter as a function of gas pressure. The detector has an active

volume of (95 x 30 x 4) 3 and is fil led wit h 70%(by volume) xenon and 30%

methane. The parameter "over pressure" lists the pressure above one atmosphere.

The values for the low pressure version were measured by Dave Vogel [57]. The

efficiency value accounts also for the absorption in the beryllium windows.

parameters high low

over pressure (bar)

Be window (ram)

Anode voltage (kV)

spatial resolution (#m)

efficiency at 13 keV (%)

5.38 (78 psig) 1.1 (16 psig)

1.0 0.127

4.5 2.3

80 - 160 155 - 300

55 20

The spatial dispersion was determined by evaluating the line centroid positions as

a function of the position of the high-precision translation stage. A deviation from

the expected linearity is an important piece of information for accurate spectroscopic

measurements. Tile measured spatial dispersion is actually the dispersion of the

whole setup, including the signal processing equipment. The measured deviations

from exactly linear behavior -- plotted in Figure 5.7(b) -- show a maximum value

of 25 pm at the edge of the active area. The overall deviation from linearity is
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0.1% . Another important property is the uniformity of the detector response with

respect to the efficiency. This detector characteristic was measured by placing a non

collimated 55Fe source one meter from the detector window, along the line of sight, i.e.,

perpendicular to the window. The recorded intensity profile represents the spatially

resolved counting efficiency. The result displayed in Figure 5.7(c) shows two non

uniformities around channel numbers 825 and 1050. These 10% variations from the

ideal fiat response are due to impedance mismatches along the strips of the cathode

delay line. Thus, magnitude and location of these dips are characteristic to each

cathode board.

For implementation of the gas-filled detector in long time experiments continuous

maintenance regarding the composition of the detector gas is necessary. Due to

outgasing of all parts inside the detector, the fractional amount of the desired detector

gas mixture decreases over time, especially for low-pressure detectors. The change

in the gas composition usually reduces the number of photoelectrons created upon

impact of an x-ray photon of given energy and, thus, the detected pulse height. The

pulse height distribution, however, is Used for the suppression of background counts by

setting gates around the x-ray energy, i.e., the pulse height, of interest. Therefore, a

shift in the pulse height response of the detector might significantly distort the signal

to noise ratio and perhaps line intensity ratios. Periodically purging and refilling

the detector keeps this systematic uncertainty at a minimum. In fact, most of the

detectors have a "built-in" purging an refilling mechanism due to unavoidable small

gas leaks.

5.2.3 Transmisslon-type spectrometer DuMond geometry

Successful implementation of high-resolution crystal spectrometer for observation of

x-ray radiation of energies in the 30-keV range and higher requires a different spec-

trometer type -- different from the von Hgmos and flat-crystal spectrometers based

on reflection of the x-rays -- due to the low x-ray flux emitted by the SuperEBIT
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Figure 5.7: Spatial resolution, linearity, and uniformity of the gas-filled position

sensitive detector response. The spectrum (a) represents the sum of a series 

measurements with a collimated 5r~’e source mounted on a high:precision translation

stage. The deviation of the fitted line centroid positions from linear behavior with

respect to the translation stage readout is shown in (b). Placing the non collimated

5~e source one meter from the detector window yielded spectrum (c). The dips

around channel numbers 825 and 1050 are due to impedance mismatches along the

strips of the cathode delay line of the detector.
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device, which basically prohibits the use of higher orders of diffraction. Besides the

reduced crystal reflectivity at small Bragg angles, crystal spectrometers that depend

on spatially resolved detection of the diffracted x rays also suffer from the tremen-

dous decrease in efficiency of the position sensitive detectors at higher x-ray energies

1981. Thus, for the hard x-ray regime a transmission-type crystal spectrometer was

developed based on the DuMond design I941. The choice for a transmission-type spec-

trometer was encouraged by the larger solid angle achievable with the same crystal

geometry due to the perpendicular orientation of the lattice planes with respect to the

crystal surface, as seen in Figure 5.8. Additionally, the efficiency of the diffraction

for small Bragg angles28 is supposedly higher in transmission than in reflection 1991.

The DuMond geometry, which employs, a cylindrically bent crystal, requires that

the radius of curvature of the. crystal is the diameter of the so-called Rowland circle

and that the center of the source (or spectrometer entrance slit) and the center 

the crystal are part of this circle. A sketch of the geometric requirements is shown in

Figure 5.9. A crystal that is curved in such away offers the incoming x rays a much

larger area with the same Bragg angle in comparison with a flat crystal. Thus, the

curved design increases the spectral throughput, i.e., the transmitted flux per energy

interval, tremendously. Correct curvature and placement also strongly reduce the

overall bandwidth of the diffracted x rays. The goal of the SuperEBIT transmission

spectrometer design was to reduce this bandwidth such that the spectrometer can be

used as a monochromator, where no spatially resolved detection of the diffracted x rays

is necessary and detectors with almost 100% counting efficiency can be used, like high-

purity germanium detectors. The energy dispersion of the germanium detector in such

an arrangement serves as a tool for the suppression of the background radiation. The

efficiency and the achievable resolving power of this transmission--type spectrometer

are important parameters with respect to the feasibility of this instrument.

2SFor the transmitted diffracted x rays the angle between the incoming x rays and the lattice plane

of interest" is also referred to as "Laue angle" instead of Bragg angle.
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Figure 5.8: For the same crystal geometry and small Bragg angles, i.e., high x-ray

energies, the solid angle ftr accessible using a reflection-type crystal is much smaller

than the solid angle available in the transmission-type geometry, ftt. The ratio of

the solid angles (f’tt/~r is proportional to the cotangent of the Bragg angle of the

center beam 00.

5.2.3.1 Resolving Power

The resolving power, A/AA or E/AE, is usually, inferred from the full width at half

maximum of a recorded spectral line, of which it is known that, the line broadening is

dominated by the instrumental properties, i.e., by the apparatus profile. In designing

the spectrometer, the resolving power was calculated from the bandwidth of the

diffracted x rays, or, more specifically, the part of the diffracted x rays that hits the
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Figure 5.9: Geometric requirements of the DuMond-type crystal spectrometer. The

curvature of the cylindrically bent crystal/~t~z equals the diameter of the Rowland

circle. Placing the center of the source and the center of the crystal on the Rowland

circle defines the distance between these points as a function of the central Bragg

angle 00, in particular,, Ds = P~tal cos 00.

detector, weighted by the expected spectral intensity. The calculations are based

purely on the geometric quantities of the instrument and the source, and the x rays
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were traced with the tools of geometrical optics only. The result is presented in two

ways. First, as a’ contour plot showing the isoenergetic lines in the detector plane,

i.e., the lines along which the incoming x rays have the same energy. The energy

values listed in these plots are the energy differences with respect to the energy of

interest. And second, as a line profile graph, which is obtained with a finite-element

method. The profile is based on a simple numerical model where the source is divided

in equal volume elements and it is assumed that the emitted flux is the same for all

volume elements. For each of these finite elements the energy distribution of the x

rays on the detector plane is calculated. Sorting the calculated values according to

their energy values allows a concise presentation in form of a histogram containing the

number of "counts", i.e., calculated values, within a predefined x-ray energy interval.

The line width of this calculated intensity profile is an appropriate measure for the

instrumental resolution.

The calculations were customized for estimating the resolving power of the transmission-

type crystal spectrometer with respect to the high-resolution measurements of the

Ka emission of heliumlike and hydrogenlike xenon of interest to the present work.

Thus, the 30630-eV ls2p 1P1 ----, ls21So transition in heliumlike xenon was taken as the

x-ray energy of interest29. Two different crystal curvatures were considered, utilizing

in both cases a quartz crystal with a (1340) orientation, cut for transmission-type

applications. The 2d spacing of this crystal is approximately 2.36 A[101] and, thus,

the Bragg angle for the diffraction of the 30-keV x rays is around 10°. ’The calcu-

lations also account for two different detector sizes, a 16-ram diameter (200 mm2)

and a 36-ram diameter (1020 mm2) germanium detector, respectively. For the sake

of simplicity the two sets of calculations will in following be referred to a~; SE28 and

SE37. An overview of the various geometric quantities is given in Table 5.3 and

graphically in Figure 5.10.

The geometrical r~r tracing, methods were also applied for determining the impact

2gThis theoretically predicted value for the transition energy was taken from Cheng et al. [100].

95



Table 5.3: Geometric quantities necessary for the estimation of the resolving power

of a transmission-type spectrometer setup. Two different setups are considered for

the calculations, named SE28 and SE37. For both measurements a quartz (1340)

crystal was used which has a 2-d spacing of 2.3604 All01]. Tile x-ray energy

of interest is 30630.36 eV, which is the ls2p 1P1 ---* ls21S0 transition energy in

heliumlike xenon according to Cheng et al. [100]. The Bragg angle, thus, equals

9.8741°. Rxtat is the radius of curvature of the crystal, Ds the distance between

the crystal and the electron beam, Dd the distance between the crystal and the

detector, and A¢// the detector area. A cylinder of 12.7 mm height and 90 #m

diameter represents the x-ray source, i.e., the spectroscopically accessible area of

the SuperEBIT trap region.

Quantity SE28 SE37

l~ztal (mm) 2713.8 2511.4

Ds(mm) 2673.6 2474.2

Dd (mm) 130 215

A,// (mm2) 201 1018

of misaligned components onto the resolving power. Such a simulation is extremely

important since it determines which instrumental features are the limiting factors in

the spectrometers performance and, thus, have to receive utmost attention during the

adjustment procedure. The Variable parameters implemented into the x-ray tracing

model are:

¯ orientation of the crystal and of the lattice planes with respect to the crystal

surface;

¯ size, position, and orientation of the x-ray source;

¯ size, position, and orientation of the detector;
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Figure 5.10: Sketch of the geometric components important for the calculation of

the transmission spectrometer’s resolving power. A cyindrical coordinate system

(r,~a,z) centered at point M describes the curvature of the crystal P~taZ- The Bragg

angle 0 is defined by the triangle (M, Ps, Pztal), where Ps is the point of x-ray

emission and Pxtal the location of x-ray impact on the crystal. The energy of the

diffracted x rays at the point of intersection Pdet with the detector area AelI was

determined as a function of the distance Ds, the location of the x-ray emitting

point Ps with respect to the coordinates (xs, Ys, zs), and the crystal orientation with

respect to the Xxtal (tilt), Yxtal (twist), and Zxtal (turn) axis. These calc.ulations allow

the estimation of the sensitivity of this arrangement with respect to experimental

uncertainties in the adjustment of the components.

Each component has its own coordinate system and, thus, the motions tilt, twist,

and turn are defined as rotational motions relative to the x, y, and z axis of the

component’s coordinate system, respectively.

Starting with the assumption of perfect alignment and choosing the origin of the

source coordinate system, which in this case is part of the. Rowland circle, as the
k

location of the emitting x rays yields an incredibly small band width. In particular,

the difference between the x-ray photons with the highest and the lowest energy that

hit the detector is only 0.12 eV for the SE28 setup, and 0.7 eV for the SE37 setup

utilizing a five times larger detector area. The energy distribution across the detector

plane is shown as a contour plot in Figure 5.11(a) and Figure 5.12(a) for SE28
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and SE37 setup, respectively. The ̄ actual detector area is marked by a circle in the

plots "(f)".

The effect of a variation in the distance between the source and the crystal is

shown in the plots (b) and (c) of those Figures. Assuming some arbitrary initial

uncertainty in this distance Ds of a couple of millimeters the source was "moved"

by five millimeters in the ys direction (see Figure 5.!0). For the SE28 the energy

distribution in (b) is based on a distance of Ds = 2670 mm, i.e., 3.6 mm inside

the Rowland circle. Since the misalignment is restricted to the horizontal plane it

affects mainly the energy distribution in horizontal direction which now exhibits a

much stronger gradient and an overall energy difference of 1.3 eV. Moving outside

the Rowland circle has an equivalent effect. Plot (e) is the result assuming a distance

of Ds = 2680 mm which is 6.4 mm from the ideal location. Again the energy band

width is dominated by the gradient in horizontal direction. As expected, the sign of

the deviation from the energy of interest changes when crossing the Rowland circle.

The maximum difference between the x-ray photons which hit the detector is 2.3 eV.

The Figures 5.12(b) and (c) display the equivalent scenario for SE37geometry.

Ideally, the distance between the crystal and the source should be D~ = 2474.2 mm,

as it is the case for the energy distribution calculation in (a). Decreasing the distance

by 4.2 mm yields the distribution plotted in (b), which shows a maximum energy

difference of 3.8 eV between the left and the right edge of .the detector area. Moving

the source 5.8 mm outside the Rowland circle increases this energy difference to
/

5.6 eV, as shown in (c).

Another test of the sensitivity of the spectrometer setup with respect to uncer-

tainties in the adjustment assumes a one-degree tilt of the crystal, i.e., a rotation/
around the crystal’s x axis (z~t~) of 1° such, that the top part of the crystal points

away from the source, the bottom part, thus, is slightly closer to the source. The

source-to-crystal distance is assumed to be at Ds = 2675 mm for the SE28 setup and

at D~ = 2475 mm in SE37. This type of misalignment causes a dominant deviation in
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Figure 5.11: Distribution of the deviation from the 30630-eV x-ray energy of

interest for the diffracted x rays across the detector area which is 16 mm in diameter,

see the circle in plot (f). These calculations are based on the geometry denoted

SEP8 in Table 5.3. Assuming perfect alignment yields the distribution s!hown in

(a) (Ds = 2673.6 ram), The contour plots (b) and (c) represent the distributions

when the source is not part of the Rowland circle (Ds = 2670 mm and 2(;80 mm,

respectively.). The effect of tilting and twisting the crystal by 1° is shown in (d)

and (e). All but the calculation presented in (f) consider the center of the source

as the location of x-ray emission. "Placing" the point of emission to the top edge

of the source volume yields the energy distribution shown in plot (f).
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Figure 5.12: Distribution of the deviation from the 30630-eV x-ray energy of

interest for the diffracted x rays across the detector area which is marked by the circle

in plot (f). These calculations are based on the geometry denoted SESTin Table 5.3.

Assuming perfect alignment yields the distribution shown in (a) (Ds = 2474.2 mm).

The contour plots (b) and (c) represent the distributions wl~en the source is not 

of the Rowland circle (Ds = 2470 mm and 2480 ram, respectively.). The effect of

tilting and twisting ttie crystal by 1° is shown in (d) and (e). All but the calculation

presented in (f) consider the center of the source as the location of x-ray emission.

"Placing" the point of emission to the top edge of the source volume yields the

energy distribution shown in plot (f).
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the vertical directionas seen in Figure 5.11(d) and Figure 5.12(d). The comparably

smooth gradient in horizontal direction is due to the "non-perfect" Ds values. Sur-

prisingly, this rather small tilt shows so far the strongest impact with respect to the

energy spread of the counted x rays, in particular, 3.0 eV across the small and 7.0 eV

across the large detector area. If the lattice planes are twisted, i.e., rotation about the

y~t~raxis, the Bragg angle changes collectively for each point of the crystal. Thus,

even if there is a big offset with respect to’the ideal setup, the difference between

the higl~est and lowest x-ray energy of the detected photons is relative small. The

distribution shown in the contour plots (e) are based on a one-degree twist but 

tilt. The band width for this case is about 0.6 eV for SE28 and 1.6 eV for Si~37. From

Figure 5.10 it is obvious that tilting, twisting, or turning the detector only decreases

the effective detector area by the cosine of the engaged angle. A smaller effective

detector area increases the resolving power but decreases the overall efficiency of the

Spectrometer.

So far, all calculations considered only the center of the source as the point of x-ray

emission. The source geometry encountered at SuperEBIT, however, is approximately

a 12.7-ram high cylinder with a diameter of roughly 90 pro. Placing the source point

at the top "left" edge of the cylinder, i.e., at xs = 45#m and zs = 6.3 ram. The result

is shown in Figure 5.11(f) and Figure 5.12 (f). Choosing a source point on the opposite

side of the (y~, z~) plane, i.e., at xs = -45#m yields qualitatively the same result

except of the inverted signs. The energy difference between the detected x-rays due

to the spatial extension of the source is approximately 6.1 eV for the SE28 geometry

and about 6.4 eV for SE37.

The energy difference values, however, are not representative for the actual distri-

bution of the x-ray energy values. The determination of the resolving pc)wer, thus,

requires sorting of the "detected" photons according to their energy. In Figure 5.13(a)

the result of sorting one of the contour plot data fields of the SF_,37 setup is given in

form of a histogram showing the number of counts with respect to the energy inter-
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val. This intensity plot only accounts for one single source point. Accumulating the

sorted values for all different source point positions gives the intensity profile shown

in Figure 5.13(b). The setup for this calculation includes a 0.5° tilt of the crystal and

a 5-mm misalignment with respect to the distance Ds. The width of this calculated

intensity profile is only about 3 eV for the prominent peak and about 6 eV including

the wider bottom of this structure, which is significantly less than the 10-eV dif-

ference between the lowest and the highest x-ray energy counted in this simulation.

Taking conservatively the 6 eV resolution the resolving power would be in the order

of 5000. This estimate, however, is based on the assumption that the curvature

of the crystal is perfectly cylindrical. An indirect measurement revealing the quality

of the crystal curvature by imaging a 25-#m point source using visible light with

the curved quartz crystal lead to a measured image width of 230 #m for the crystal

which is implemented in the SE37 setup. For the image width for the crystal used in

the other set, unfortunately, only an upper limit is available, which is 400 #m. The

broadening due to the non-:perfect curvature of the crystal has a similar impact as

the width of thesource. For the SE37 setup, for example, the band width of the

detected photons is roughly 16 eV, i.e., about 2.5 times larger than the broadening

caused by the width of the x-ray source. The resolving power for the SE37 geometry

is, thus, reduced to 2000. Still about 20 times higher than the resolving power of the

best germanium detectors for 30-keV x-ray radiation.

The SE37 geometry was tested using a l-mCi laaBa source and a 75-#m wide and

12.7-mm tall slit made out of 2.4-mm thick tantalum. The radioisotope 13~a de-

cays by capturing an innershell electron, thus, creating an innershell excited cesium

atom. The characteristic K-shell x rays of cesium are centered around 30974 eV

(KCtl) and 30626 eV (Kc~2). The spectrum was obtained by rotating the crystal 

small increments and counting the munber of 30-keV x rays which hit the germanium

detector for a certain time before rotating the crystal to the next position. A detailed

discussion about the rotating mechanism is given in Section 7.1.4 on page 169. Fig-
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Figure 5.13: Simulation of the transmission-type crystal spectrometer apparatus

profile. Sorting the number of diffracted x rays which hit the detector according

to their energy yields a histogram which represents, the instrumental response with

respect to the intensity profile. (a) is the narrow distribution obtained when con-

sidering a point source only. Accounting for the spatial extent of the source, in

particular, the electron beam trap geometry in the SuperEBIT trap region, gives

the much wider distribution shown in (b). The setup for this calculation includes

a 0.5° tilt of the crystal and a 5-mm misalignment with respect to the distance Ds

(see Figure 5.10).
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ure 5.14 shows the result of several scans over both lines. The measured line width

of 30 eV contains the instrumental width and also the natural line width of the ce-

sium Ka radiation which is about 15 eV I1021. Deconvolution of the measured profile

using the 15-eV broad Lorentzian component leads to an instrumental line width of

about 25 eV, which is equivalent to a resolving power of a little bit more than 1200,

therefore, successfully demonstrating the feasibility of this transmission-type crystal

Spectrometer design.
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Figure 5.14: Highly resolved spectrum of the cesium Kc~ radiation demonstrating

the feasibility of the transmission-type spectrometer designed for high-resolution

hard x-rav measurements at SuperEBIT. The transition energies of the cesium lines

are 30626.3 eV for the smaller Cs Kc~2 transition and 30974.1 eV for the larger Cs

Kcq transition (see also Table 7.19, page 183).
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6 Spectroscopy on heliumlike krypton, Kr34+

Recent measurements on the Test Fusion Tokamak Reactor (TFTR) at the Princeton

Plasma Physics Laboratory I103] and on the OMEGA Laser system at the Laboratory

for Laser Energetics in Rochester 1104] have demonstrated the feasibility of using

highly charged krypton for spectroscopy based plasma diagnostic. Krypton appears

to be the element of choice because its admixture in trace amounts can be precisely

controlled as it was shown at the TFTR experiment. Moreover, it has been already

suggested for use in radiative cooling of the plasma edge region and, thus, for reducing

the heat load at the diverter I105]. In a comparison with low-Z candidates for cooling

purposes, like carbon or neon, higher Z elements are more efficient. Therefore, a

much smaller quantity of higher-Z material is needed for sufficient cooling than when

implementing low-Z materials. In fact, it appears that the effective Z of the tokamak

core plasma can be kept lower when admixing a high-Z versus a low-Z coolant while

achieving the same amount of radiative cooling.

Successful implementation of x-ray spectroscopy as a precise tool for plasma di-

agnostics strongly depends on the availability of a comprehensive, reliable atomic

physics database that includes transition energies as well as excitation, recombina-

tion, and ionization cross sections 11061. The following measurement performed at

EBIT contributes to this database. Applying high-resolution crystal spectroscopy

tools, the energies of the n = 2 --* 1 transitions in heliumlike krypton, Kra4+, and

in innershell excited lithiumlike and berylliumlike krypton, Kraa+ and Kr"32+, respec-

tively, were determined relative to previously measured transitions in heliumlike iron

and well known theoretical values of the transition energies in hydrogenlike man-

ganese. The first part of this Chapter focuses on the direct excited (DE) transitions

and discusses the inter-order calibration of the heliumlike krypton transition energies.

The measurement presented in the second part is centered around the dielectronic

recombination (DR) lines in highly charged krypton ions, in particular, the,. separation

and identification of the so called KLL resonances.
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6.1 Measurements of the n = 2 --~ 1 transition energies of

heliumlike krypton

Besides their application with respect to plasma diagnostics, spectra of heliumlike

ions are also a subject of intense research interest from the atomic physics point of

view as mentioned in Chapter 3. Especially high-Z heliumlike ions, as differences

among predictions tend to increase strongly with atomic number. In the case of

Kr34+, for example, which was until recently, i.e., until the measurements on highly

charged xenon presented in Chapter 7, the heaviest heliumlike ion that was inves-

tigated by means of high-resolution crystal spectroscopy, a significant disagreement

was found between the measured and theoretically predicted values for the n = 2 ~ 1

transition energies [1071. In particular, the measurement in Ref. I1071 (by Indelicato

et al.) included the ls2plP1 ---, ls21So, and ls2p3p1 --, ls21So transitions in helium-

like krypton. Their result of 13115.45(30) eV and 13026.8(3) eV is by 0.75 eV 

0.48 eV separated from the closest currently available theoretically predicted value.

Additionally. the various theoretical values themselves exhibit differences in the same

order of magnitude. Thus, there is a strong interest in remeasuring the energies of

the heliumlike krypton Kc~ transitions.

6.1.1 Experimental setup

The wavelengths and, thus, the energies of the ls2plP1 ~ ls21So, ls2p3P2 --’ ls21So,

1s2p3p1 --, ls21S0, and 1s2s3S1 ~ ls21So transitions in heliumlike krypton (Kra4+)

have been measured utilizing a high-resolution von-H£mos-type crystal spectrometer

(see Section 5.2.2) optimized for operation at the EBIT facility. The spectrometer

was equipped with a cylindrically bent (200)-LiF crystal with a radius of curva-

ture of 75 cni. The 2d spacing of the (200) oriented lithium fluoride crystal equals

4.027 ~ll081 or 4.028 ~11091. The difference of 0.001 ~ is used as a measure for the

uncertainty in the 2d spacing. The impact of the uncertainty in the 2d spacing on the

measured wavelengths is insignificant, since the measurement is based on an "inter-
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nal" calibration using spectral lines of known wavelength and, thus, does not depend

on the absolute value of the 2d spacing. However, a "good" value for the 2d spacing

is very beneficial to the accurate adjustment of the setup. The implementation of

the von H&mos spectrometer geometry at the EBIT facility is shown in Figure 6.1.

The spectrometer is set to a nominal Bragg angle 0 = 28°. This setup measures

gasinjector

Position
detector

sensitive
EBH’

X rays
X rays

Spectrometer

housing
Ge

detector

He a tmosphere

Figure 6.1" A sketch of the EBIT device is shown in a cross section with the

electron beam in the center of the device and perpendicular to the page. The main

components of the von Hgmos spectrometer are the crystal, the position sensitive

detector, and the spectrometer housing. The housing is necessary for applying a

helium gas atmosphere which tremendously reduces the absorption of the low-energy

x rays. The gas injector was used for the introduction of neutral krypton into the

trap region. The germanium detector serves only as a charge balance monitor in

this particular measurement.

the krypton Ka radiation in second order and the Ly-a~,2 lines of manganese and
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the transitions ls2s3S1 ~ ls21So and ls2s22p1p1 ~ 1s22s21So in heliumlilke and

berylliumlike iron, used for calibration, in first order Bragg reflection. The position

sensitive proportional counter was optimized for the energy range of the heliumlike

krypton K-shell x rays (see Section 5.2.2.1, page 84). The operating parameters for

the detector are: gas mi:~ture 70% Xe, 30% CH4; gas pressure 5.38 bar (78 psig)

above 1 atm; active volume 9.5 x 3.0 x 0.4 cm3; thickness of Be-window hnm; applied

voltage 4.2 kV. An efficiency of about 70% for first-order x-ray photons (6.5 keV)

and about 55% for the second-order krypton K-shell x rays (13 keV) was achieved

with these detector parameters. The efficiency values include the absorption due to

the Be-windows in EBIT and the detector, respectively. The spatial resolution of the

detector was between 80 #m and 100 #m over the whole detector area of interest.

For the observation of the krypton spectra neutral krypton atoms are injected

into the trap region using the continuous gas injector, for details see Section 4.2.1

(pg. 53). The gas injector pressure was in the 10-S-Tort range. Introduction 

manganese and iron into the trap for the calibration of the recorded krypton spectra

was accomplished with the MeVVA (see Section 4.2.2). In particular, a MeVVA

was constructed with a cathode made from manganese and an iron trigger wire.

In normal operation the MeVVA plasma contains mostly atoms and ions from the

cathode material, which is manganese. Interchanging the electrical leads between

cathode and trigger allows the injection of the trigger material, in this case iron.

Therefore, the calibration measurements of iron and manganese x rays were, made

successively. Due to the independent methods of injection regarding krypton and one

of the MeVVA materials, a krypton spectrum could be recorded simultaneously with

one of the two calibration spectra. The ionization balance is optimized by choosing an

appropriate electron beam energy,, trap depth, cooling gas pressure, and the duration

of the whole timing cycle and each of the components of the timing cycle, i.e., injection

period (for pulsed mode), "cooking time" (ionization time necessary for reaching 

high charge states), data acquisition time, and the time needed for dumping the "old"
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ions (see also Section 4.4, page 63 and, e.g., Ref. [571).

6.1.1.1 Resolving power of the yon H~mos spectrometer

The most important factors that limit the resolving power of the spectrometer are:

¯ the spatial resolution of the position sensitive proportional counter,

¯ the finite’ size of the source,

¯ the imaging properties of the von H£mos geometry, and

¯ the resolving power of the crystal.

Depending on the purpose of the spectroscopic investigation the thermal line broad-

ening is or is not considered being part of the instrumental resolution. Measurements

aiming for quantities linked to the atomic structure are definitely challenged by ther-

mal line broadening and, thus, it is usually treated as an instrumental component.

By contrast, spectroscopic investigations of plasmas would usually benefit from the

fact that the resolution is "limited" by the thermal broadening. Focusing on the

measurement of the transition energies, however, puts the thermal line broadening

into the resolution-limiting category.

As mentioned above, the spatial resolution of the detector is between 80 pm and

100 pin. The size of the source is given by the diameter of the electron beam which

is roughly 60 #m (see Section 4.1.3.1). The line spread due to the imaging proper-

ties is less than 30 pm, according to Figure 5.6. Thus, without accounting for the

thermal broadening of the spectral lines, the resolving power of the setup would be

(E/AE)geom = 14000 to 16500, where the index geom indicates that only geometrical

quantities have been considered in this estimate. The difference to the measured res-

olution of E/AE .~. 2600 for Fe24+ and Mn24- in first, and E/AE ~ 430{) for Kr34+

in second order shows that thermal line broadening and the resolving power of the

crystal represent the main limitation regarding the resolving power.
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The operating conditions of EBIT are optimized towards the highest achievable

x-ray flux. The deep axial trapping potential of V~x~aL = 205 V, and the high beam

current, in particular Ib~,, = 180- 200 mA, however, create ion temperatures on

the order of 700 eV, as shown in a set of measurements investigating the thermally

broadened line profile in the emission spectra of heliumlike titanium ions Ill0, 1111.

The corresponding Doppler broadening, full width at half maximum (FWHM), 

about AET~o,, = 1.8 eV for the heliumlike Fe24+ and the hydrogenlike Mn24+ lines,

and about AET~o,~ = 2.9 eV for the heliumlike Kr34+ lines. Th~ line widths in

the recorded spectra are AECxv = (2.5 + 0.1) eV for the hydrogenlike Mn24+ and

the heliumlike Fe24+ lines and AEsop = (3.05 + 0.05) eV for the heliumlike Kr34+

lines. The width of the krypton lines is, thus, in good agreement with the expected

ion temperature, which indicates that in second order Bragg reflection the resolving

power is limited by the Doppler broadening, and the line profile is dominated by the

thermal Doppler effect. In first order Bragg reflection, however, the main component

limiting the resolving power appears to be the crystal. Therefore, the line profile in

the first order spectra represents mainly the profile of the rocking curve of the crystal.

The fact, that the spectral lines recorded in first and second order exhibit a different

line profile requires the determination of the center of gravity for each spectral feature

in order to successfully apply the inter-order calibration.

6.1.2 Measurements

The electron beam energy was selected far above the excitation threshold of the

transition of interest and, thus, the recorded spectra contain only directly excited

lines and lack the presence of satellite lines produced by dielectronic recombination.

In particular, the electron beam energy was set to 19.5 keV for the observation of the

13-keV Ka emission of highly charged krypton. For the manganese calibration the

beam energy Was set to about 12 keV, which yielded the highest countrate for the

Ly-a emission. The iron data were collected at a 9-keV electron beam energy. The
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energy thresholds for producing these ion species are 4.11 keV to ionize lithiumlike

Kr33+, 8.14 keV to ionize heliumlike Mn23+, and 2.05 keV to ionize lithiumlike Fez3+.

The recorded spectra, i.e., the heliumlike krypton K-shell spectrum together with

the two calibration spectra featuring the manganese Ly-al,2 lines and the ls2s3S1 ---,

is21So, labeled z, and ls2s22plP1 --, lse2s21So, labeled fl, transitions in heliumlike

and berylliumlike iron, are shown in Figure 6.2. The spectral lines of the helium- and

lithiumlike ion upecies are labeled according to the notation introduced by Gabriel

1411. Additionally, several collisional satellite lines of lower charge states are seen both

in the spectrum of Krand Fe. Some of the lithiumlike and berylliumlike satellites

are labeled (r, q, t, and fl). The analyzed spectra represent data taken in about

44 hours, in particular, 9 hours of observation time was spent for manganee, 5 hours

for iron, 26 hours for krypton, and 4 hours where krypton and iron were collected

simultaneously. Taking the complete data set, shown in Figure 6.2, a countrate of

about 100 counts per hour for the ls2p~P1 --, ls21So, and 45 counts per hour for the

ls2saS~ ~ ls2~So transition in Kra4+ can be derived. For the calibration lines the

countrate was about 230 counts per hour for the Mn Ly-c~ line, and 315 counts per

hour for the heliumlike iron transition, respectively.

The wavelengths and transition energy values of the calibration lines aJ:e listed in

Table 6.1. Only the three lines, Fe z, Fe fl, and Mn Ly-c~, are used for the calibration.

These three lines determine both the absolute energy scale and the spectral .dispersion.

The remaining iron transitions r, q, and y have not been chosen for the .calibration

because there is no published energy or wavelength measurement of r with sufficient

accuracy (in plasma observations r blends with dielectronic satellite transitions),, and
/

because the lines q and y are too close to the edge of the illuminated area of the

detector. Using the lines q and y as references would add an unknown systematic

uncertainty Co the determination of their line centroids. The use of the Mn Ly-ct2

line for our calibration was abstained for the same reason .
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Figure 6.2: Calibration spectra displaying the hydrogenlike Mn24+ Ly-al,2 lines (a)

and of some fines of heliumlike Fe24+ (y,z), lithiumlike 23+ (q,r), an d berylliumfike

Fe224 (/3) (b). Both, the manganese and the iron spectra were taken in first order

Bragg reflection. The Krypton Ka spectrum (c) measured in second order shows the

four heliumlike transitions (w,x,y,z), and some lithiumlike (q,r,t) and beryllimnlike

¯ (/~) krypton lines.

112



Table 6.1" Wavelen~hs A and transition energies E of the calibration lines. The
values for the hydrogenlike manganese line, Ly-ctl, is taken from theoretical predic-
tions by Mohr [112] and Johnson and Soft [27]. The values for the heliumlike and
berylliumlike iron transitions, z and ~, are measured values by Beiersdorfer et al.

[1131.

Transition A E

h eV

1.9247230(8) 6441.665(3)
1.87035(8) 6628.93(29)

1.86812(11) 6636.84(39)

6.1.2.1 Inter-order calibration

An inter~rder comparison of spectra has to account for

¯ the parallax effects in the position sensitive detector due to the different mean

ionization depth.

¯ the differences in the diffraction images due to the different crystal response,

and

¯ the change in the refractive index of the crystal material.

The mean ionization depth z~on is basically the average value of the probability of

absorption P, bs(z) of the x-ray photon with respect to the path of penetration z. The

absorption probability as a function of penetration depth, P,~b~(z), is the derivative

of the fractional absorption A = 1 - e-": introduced in eq.(5.2) on page 69, i.e,

.z (6.i)Pobs(z) = 
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where # is the linear attenuation of the material. Having a detector of thickness daet,

the mean ionization depth is

f~’ P,~b~(z)zdz (6.2)

Taking the mass attenuation (#/p) for Xe, C, and H, tile detector gas mixture of

70% Xe, and 30% CH4, the gas pressure of 6.4 bar, and the detector thickness of

4 mm, a mean ionization depth of Z~on = 0.593(3) mm for the 6.5-keV x rays and

Z~on = 1.658(2) mm for the 13-keV x rays can be derived. Despite this difference

the line shift relative to the krypton lines due to parallax effects is less than 8pm

for the Mn Ly-~I lines and less than 7pro for the FeKa transitions. For both,

manganese and the iron spectra, parallax shifts the lines away from the center of

the detector. This spatial shift of the calibration lines changes the energy of the

krypton ls2plP1 ---, ls21So transition by-0.02 eV and the krypton ls2saS1 ---, ls21So

transition by +0.03 eV. The parallax effects, thus, are small especially when compared

to the overall uncertainties of the present measurement. Adjustments for these effects,

however, have been made. The reason for such small effects is the large distance
) 

between the source and the detector.

Another important issue when using different orders of diffraction is the compar-

ison of the diffraction images. Proper determination of the center of gravity of the

spectral line is of utmost importance for a successful determination of the relative line

positions. As already mentioned, the line shape for the spectra taken in second order

Bragg reflection is dominated by the Doppler broadening. The width of the spectral

lines diffracted in first order is limited by the resolving power of the crystal. In fact,

the line profile of the spectral lines measured in first order Bragg reflection is slightly

asymmetric. Therefore, applying a symmetrical fit function does not give the center

of gravity of the spectral line. For example, for the Mn Ly-a~ line this difference

between the center of gravity and the centroid, obtained by using a symmetric fit

function is 0.01 eV. Accounting for this asymmetry of the.spectral lines in first order

shifts the measured transition energies of the krypton lines on average by 0.02 eV
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towards lower energies. Assigning a 100% uncertainty to this shift is a rather con-

servative measure. In comparison with the overall uncertainty of the me~usurement,

however, this slight shift due to an asymmetric line profile is insignificant.

By contrast, the impact of the difference in the index of refraction on the transition-

energy determination turns out to be significant. The quantity of interest is the

refractivity 5 in eq.(5.10). The refractivity was calculated using an approximation 

the dispersion formula for photon energies much higher than the resonance transitions

of the medium, e.g., 11141. Modification with respect to the SI units leads to following

expression for the refractivity:

5 - N~ e2~2 (6.3)
87r2£0 me C2

N, is the electron density in the crystal, e the elementary charge, e0 the permittivity

of vacuum, and rn, the electron rest mass. Thus, the expression 5/)~2 is a constant

factor. Taking a lattice spacing of 2doo = 4.027~ for the LiF (200) crystal eq.(6.3)

gives a 2d spacing of 2d = 4.02678~ for first order and 2d = 4.02695~ for second

order. The difference of the index of refraction for the two orders, consequently, has

a significant effect on the determination of the energy of second-order lin.es that are

calibrated by lines measured in first order. If neglected, the energy of the second-order

lines are 0.54 eV higher than if taken into account. Uncertainties in the determination

of 2dl and 2d2 arise from the assumed values of 2doo and 5/,V. An estimate for the

uncertainty of the former can be given based on the 0. l-m~t spread of values cited by

different authors [108, 1091. A 0.1% change (0.4 m~) affects the measured krypton

line energies by no more than 0.02 eV. A 10% change in the value of 5/A2, which

is much higher than expected from basic theoretical considerations [1141, affects the

measured krypton line energies by only 0.04 eV.

6.1.2.2 Results and brief discussion

Table 6.2 presents the results of the energy determination of the heliumlike lines.
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The uncertainty in the determination of the transition energies results from the un-

certainty of the calibration lines, the uncertainty of the dispersion along the detector,

the uncertainty in the determination of the centroid of each line, which includes the

uncertainty due to the different line profiles in the first- and second-order spectra, as

well as the uncertainty in the assumed values for 2dl and 2d2. The uncertainty in the

energy of the calibration lines is 0.4 ppm for the Mn Ly-al line, 59 ppm for the line

z in heliumlike iron, and 43 ppm for the berylliumlike transition ft. Including the un-

certainty of the determination of the centroid of these calibration lines which depends

mainly on counting statistics, gives 7 ppm, 59 ppm and 44 ppm, respectively. Asa

result, the overall uncertainty of the krypton lines, which includes the uncertainties

of the calibration lines, of the dispersion, and of the position of the centroid of the

measured lines, ranges from 28 to 31 ppm.

The comparison of the results in Table 6.2 shows that the present measurement

is in excellent agreement with the most recent theoretical calculation, i.e., the con-

figuration interaction calculations performed by K.T. Cheng et al. 1100]. Thus, the

only verification with respect to the earlier measurement by Indelicato et al. [107[ is

that the average difference between measured and predicted values is biggest for the

comparison with Drake’s predictions I36I.

The uncertainty of the measured values is too large to be able to distinguish defini-

tively beicween the predictions made by Plante et al. [37] and Cheng et al. 1115, 100[.

For that purpose the uncertainty has to be less than 0.15 eV or 12 ppm. The accuracy

of the present measurements was limited mainly by the uncertainty of the Fe24+ and

Fe22+ calibration lines (59 and 43 ppm, respectively). As more accurate values for

the iron lines become available, the accuracy of the present technique will improve

and be limited by statistical considerations. Such considerations limit the accuracy

of the present measurements to 10 -15 ppm.
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Table 6.2: Experimental and theoretical values for the energies of the ls2s, ls2p

l s2 transitions in heliumlike krypton and average difference between experimental

results and the calculated values. Eexp denotes the result of the present measure-

ment, EInd the values measured by Indelicato et al. [107]. The theoretical predictions

listed for comparison are taken from Drake ED [36], Plante et al. Ep [37], and Chen

et al. and Cheng et al. Ec&c [115, 100]. For the average difference, the symbol Etheo
Stands for the theoretical value of the according column.

Ecxp Ex,~ ED Ep

Key Transition (eV) (eV) (eV) (eV)

w ls2plP1---~1321So13114.68(36) 13115.45(30) 13114.33 13114.41

x ls2p3p2 --~ ls21So 13091.17(37) -- 13090.72 13090.79

y ls2pap~ ~ 182~So 13026.29(36) 13026.80(30) 13025.99 13026.05

z ls2838~ --~ ls2~So 12979.63(41) -- 12979.13 12979.20

Average Difference: (Ezna -- Etheor) (eV) 0.97(30) 0.90(30)

(E~p - Eth¢o~) (eV) 0.40(38) 0.33(38)

Ec&c

(eV)
13114.70

13091.10

13026.32

12979.51

0.60(30)

0103(38)

6.2 Dielectronic recombination lines in the K-shell spectra

of highly charged krypton

Initial experiments with krypton on the TFTR established the feasibility c f using the

emission of highly charged krypton for plasma diagnostic purposes and suggested that

the 182s3S1 ~ ls21So transition, i.e., line z, in heliumlike krypton might be the most

reliable indicator of the ion temperature. The suggestion of using the line z for the

determination of the thermal line broadening is based on its supposedly low or almost

negligible interference with respect to satellite lines 1116, 103I. Since a separation of

direct excitation (DE) and dielectronic recombination (DR) processes is impossible 

plasmas, a experimental determination of the fractional contribution of the satellite
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lines depends on electron beam devices, such as the electron beam ion trap where

the electron energy distribution is extremely narrow, and allows the separation of

processes that show a strong dependence on the excitation energy.

6.2.1 Experimental setup and measurement

The experimentalsetup was identical to the arrangement used for the wavelengths

and transition energy measurements and, t:hus, a detailed description regarding the

spectrometer geometry, the detector performance, and the resolving power of the

setup is given in Section 6.1.1.

The output of a high-precision function generator controls the drift tube potential,

i.e., the acceleration potential of the electron beam3°. With a simple sawtooth pattern

a sweep over the energy interval of interest is performed. Each detected x-ray photon

is tagged with two parameters. One is the location on the detector which is a measure

of the x-ray energy. The other parameter is the position with respect to the sawtooth

function which is a measure of the electron beam energy. The spectra recorded

during the sweep are, thus, three-parameter plots, with the third parameter being

the number of counts. Figure 6.3 shows a set of such three-parameter spectra.

In particular, it shows the result of sweeping from 11 keV to 14 keV beam energy,

Figure (a), including the DE regime and all DR transitions from threshold down to the

KLM resonances, i.e., the DR lines which have a ls2s31 excited configuration, with l

being the angular momentum quantum number. The sweep over the KLL resonances,

Figure (b) was done Separately for gaining a better resolution with respect to the beam

energy -- note the difference in the beam energy scales between the two spectra in

Figure 6.3. The strongest lithiumlike DR satellite lines, e, j, and kate labeled for

reference purposes only. Using these kind of plots a separation of lines with the same

x-ray energy but different excitation energies is feasible.

The well resolved KLL spectrum nicely shows that comparable transitions, i.e.,

- 3°EBIT’s electron gun cathode is at ground potential.
?
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Figure 6.3: Direct excitation and dielectronic recombination lines in highly charged

krypton. (a) shows all K-shell DR resonance lines involving > 3 levels. The in-

clined dashed line marks the location where the beam energy equals the ×-ray energy,

i.e., the threshold for direct excited transitions. The notation KLM, KLN, refers

to the configuration in the recombined ion prior to radiative relaxation. The sweep

over the KLL resonance lines is shown in (b). The labels denote the isoelectronic

sequence after the recombination process. The strongest lithiumlike DR lines are

]abeled, e, j, and k (see Figure 6.4). The vertical dashed line traces the x-ra,." energy

of the heliumlike line z.
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transitions involving the same subshells, in the differently charged ions are along a

path of negative slope, which is somewhat indicated by the labels denoting the isoelec-

tronic series of the highly charged krypton. This negatively sloped path is expected

because the ionization potential decreases with increasing number of electrons and a

higher electron beam energy is required for the resonant excitation of the innershell

transition. Additionally, the energy of the emitted x-ray photon is shifted towards

lower energies with respect to the comparable transition prior to the recombination

process. Using theoretical predictions of the ionization potential for each level of the

various krypton ions the DR resor/ance lines can be identified. The identification of

the lithiufnlike krypton KLL resonance lines is shown in Figure 6.4(a). Once the

different satellite lines are identified, spectra from only one ionization state can be

obtained by isolating the.specific areas and projecting them onto the x-ray energy

axis. The result of cutting out only the lithiumlike krypton satellite lines’, for example,

leads to the Spectrum Shown in Figure 6.4(b).

From this spectrum the wavelength for most of the lithiumlike satellite lines are

determined and the result is presented in Table 6.3.

The heliumlike transitions present in the DE spectra were used for the calibra-

tion of the spectrometer setup. The values for the heliumlike transitions were taken

from the previous measurement, see Table 6.2 on page 117. The uncertainty in the

determination of the wavelength and the transition energies, respectively, due to the

uncertainty in the determination of the center position of each line and of the dis-

persion, is about 20-130 ppm. An additional uncertainty of about 30 ppm has to be

added due to the uncertainty of the wavelengths/transition energies of the calibration

lines, i.e., the heliumlike n = 2 --, 1 transitions in heliumlike krypton. The experi-

mental values are compared to calculations by Osterheld utilizing the HULLAC code

3~ (private communication) and to calculations by Vainshtein and Safronova [1171.

3tHULLAC stands for Hebrew University Lawrence Livermore Atomic Code:
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Figure 6.4: (a) Identification of the lithiunlike krypton KLL DR resonance lines

using theoretical predictions of the ionization potential and the expected transition

energies of these DR satellite lines. The spectrum (b) was obtained by projecting the

recorded spectrum onto the x-ray energy axis after "cut.ring" around the lithiumlike

resonances . Thus, the spectrum only contains the contributions of the lithiumlike

krypton DR resonances.
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Table 6.3: Comparison between the measured and some calculated wavelengths

values of the DR satellite lines of lithiumlike Kr33+. The spectra were calibrated

using the measured values of the heliumlike lines (w, x, y, and z) listed in Table 6.2.

The subscript e~p denotes the measured values, v&s theoretical predictions by Vain-

shtein and Safr0nova" [I 17], and o denotes present calculations by A1 Osterheld (see

text).

A¢=p Avas Ao

Key Transition (/~) (/~) (/~)

W

X

S

t

q

k

J
Y

r

fl
1

Z

e

P

O

ls2plp1 --, ls2 !So

ls2p3P2 ---, ls2!So

1s2p2s(3p) 2P3/2 ~ is22s 2S1/2

ls2p2s(3p) ~P~/2 ~ ls22s 2S1/2

Xs2p2s(1p) 2p3/2 --, ls22s2Sz/2 

ls2p22Da/~ ~ ls22p2P1)2

ls2p22Ds/2 ~ ls22p2P~/2

ls2p~p1 ---, ls21So

ls2p2s(1P) 2P1/2 ls22s 2S1/2

ls2p2s~ 1P1 ~ 1s22s21So

ls2p22D3/2 :--, ls22p2P3/2

ls2p ~1 ~ ls 2 No

ls2p2 4P~/2 --, l s22p2p3/2

ls2s~2S1/2 ~ ls22p2P1/2

ls2s~2S~/2 ---, 1s22p~p3/2

0.945385(26) 0.94538

0.947083(27) 0.94708

0.94758(3) 0.94746

0.94808(4) 0.94804

0.94962(5) 0.94961

0.95000(2)
:’~ 0.94995

0.95141(2) 0.95137
0.951800(26) 0.95156

0.95310(5) 0.95288

0.95312(12)

0.95471(5)

0.955222(30) 0.95525

0.95637(2) 0.95615

0.96415(4)

0.96900(7)

0.94536

0.94709

0.94746

0.94804

O.94949

0.9450O

0.95124

0.95175

0.95306

0.9535O

0.95475

0.95519

0.95623

0.96403

0.96893
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7 The Ka emission of heliumlike Xe52+ and hydro-

genlike Xe53+

Next generation fusion devices, such as ITER or NIF, are proposed to have electron

temperatures in excess of 30 keV32. In such a high electron temperature environment

bare ions are the most abundant species among low- and mid-Z elements up to Z ,~

30. Thus, reliable measurements of the central ion temperature in such hot plasmas

require trace amounts of higher-Z material in the plasma core region. A brief list

of the ionization potentials for the lithium-, helium-, and hydrogenlike isoelectronic

sequence for some elements is given in Table 7.1.

Table 7.1: Ionization potentials Uion of some elements for the lithiumlike, helium-

like, and hydrogenlike isoelectronic sequence. The values were calculated by Scofield

[101] and represent the binding potential of the ground state electron. For example,

an energy of 12.3889 keV is required to remove the electron from the ground state

of hydrogenlike Zn2g+.

isoelectronic Uio~ (kV)

sequence Zn (Z -- 30) Kr (Z = 36) Mo (Z = 42) Ag (Z = Xe (Z--54)

H-like 12.3889 17.9361 24.5721 30.9656 41.2996

He-like 11.8648 17.2962 23.8103 30.0969 40.2711

Li-like 2.7820 4.1091 5.7132 7.2713 9.8104

The elements of choice for admixing to the fusion plasma are noble gases because

¯ of their convenient handling regarding the introduction into as well as the removal

from the plasma devices. Thus, the prime candidates are krypton and xenon. The

32It is common practice in the field of plasma physics to express temperatures in .energy" units.

Correctly, one should speak of thermal energies Etu = kB T, where T is the temperature, and kB
1 = 11604.448(99) 

the Boltzmann constant: "~B
e-V ....
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ion species of choice for ion temperature diagnostics utilizing x-ray spectroscopy are

the members of the heliumlike isoelectronic sequence (see also Chapter 2).

The ion temperature diagnostic is based on the measurement of the Doppler broad-

ening of the spectral line. Thus, reliable determination of the ion temperature requires

a minimum spectral resolving power so that the characteristic emission is not domi-

nated by the apparatus profile. Figure 2.1 (page 8) shows that for krypton, for exam-

ple, the minimum resolving power is below 1000 for ion temperatures above 15 keV.

Employing xenon increases the minimum resolving power to about 1100 for the same

ion temperature. However, using xenon extends the accessible ion temperature range

far beyond 30 keV, a regime in which krypton would be already fully stripped. Cur-

rently, spectroscopic investigation of the Ka emission of highly charged ions heavier

than krypton, i.e., Z > 36, has been limited to low-resolution instruments, such

as germanium detectors which have resolving powers below 110 1781. Therefore, ex-

tending high-resolution measurements of the Ks emission of highly charged ions to

the high-Z elements and, hence, to the hard x-ray regime was the goal of following

experimental effort.

Section 7.1 presents the high-resolution measurements of the Ks emission of he-

liumlike Xe52+, and hydrogenlike Xe53+ utilizing a transmission-type crystal spec-

trometer. The fine-structure resolved spectrum of the n = 2 --, 1 transitions allows a

charge~specific determination of the line intensities. From the measured relative in-

tensities the electron-impact excitation cross sections are inferred relative to the cross

sections for the radiative recombination lines. The uncertainties of the measured cross

sections are in the 15% to 35% range, and are mostly due to counting statistics. A

systematic uncertainty of about 3% arises from the radiative recombination cross

sections values. For the hydrogenlike transitions agreement with theoretically pre-

dicted values of the electr0n-impact excitation cross sections has been found. For

some heliumlike transitions, however, experimentally and theoretically achieved val-

ues disagree significantly, indicating the importance of including the Breit interaction
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in the atomic models. The wavelengths of the n = 2 --* 1 transitions were determined

relative to the Ly-al transition. Thus, the Calibration of the highly resolved xenon

spectrum depends on a high-precision measurement of the Ly-al wavelength or its

transition energy with respect to the primary x-ray standard, i.e., the tungsten K-a1

transition. Such a measurement is presented in Section 7.2.

7.1 Transmission-type crystal spectrometer measurements

The Kc~ transitions in heliumlike, and hydrogenlike xenon (Xe52+ and Xe53+) have

been measured at the SuperEBIT facility using a transmission-type crystal spec-

trometer. The resolving power of this spectrometer is sufficient for level-specific

measurements of the n = 2 -~ 1 transitions. The spectral region observed includes

the heliumlike, and hydrogenlike transitions listed in Table 7.2.

7.1.1 Experimental setup

A transmission-type crystal spectrometer was designed, based on the DuMond geom-

etry 1941, for implementation at the SuperEBIT facility. The spectrometer contains a

(140 x 40 x 0.6) 3 quartz cr ystal wi th a (1340) lattice pl ane orientation which is

cylindrically bent. The reflecting lattice planes are parallel to the axes of this cylin-

der and perpendicular to the surface of the crystal. Tile DuMond geometry requires

that the radius of curvature of the crystal is the diaineter of the so-called Rowland

circle (see Fig. 5.9 on page 94). For optimized throughput per wavelengths interval

of the transmitted x-rays the spectrometer has to be adjusted in such a way that

the electron beam lies on the Rowland circle, and is parallel to the diffracting lattice

planes of the crystal. An optimized setup also minimizes the energy band width of

the in transmission diffracted x rays. A simulation of the energy distribution of the

diffracted x rays depending on the geometric quantities of the experimental setup

is presented in Figure 5.11 and Figure 5.12 . The setup is sketched in Figure 7.1.

Table 7.3 presents a list of some geometric quantities ~sociated with the spectrom-
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Table 7.2: Predicted values for the Ka transition energies E and wavelengths

of hydrogenlike,’ heliumlike, and neutral xenon. The values for the hydrogenlike

transitions are taken from Johnson and Soft [27]. Drake [36] was used as a reference

for the heliumlike transitions. The lithiumlike transition q was calculated by M.

Chen using a multi-c0nfiguration-Dirac-Fock (MCDF) code (private communica-

tion). The transitions of neutral xenon, Kal and K~2, were taken from Mooney et

al, [118] and the spectroscopic notation describes the location of the electron hole.

ion transition name E ,~

eV pm

Xe53+ 2p3/2 ----* 181/2 Ly-al 31283.8 39.6321

Xe5a+ 2pu2 ~ 181/2 Ly-a2 30856.4 40.1810

Xe5a+ 281/2 ~ 181/2 Ly-aa 30863.5 40.1718

Xe52+ ls2p1p1 ---, ls21So w 30629.3 40.4790

Xe52+ ls2p3p2 ---, ls2 ISo x 30593.5 .40.5263

Xe52+ ls2paP1 ---, lS21So y 30205.6 41.0468

Xe52+ ls2s aS1 ~ ls21S0 z 30128.4 41.1520

Xes~+ ls2s2p2P3/~ 4 is2 2s 2S~/2 q 30526.7 40.6150

Xe ls~-/2 ~ 2Pa-/½ Kal 29778.69(10} 41.63522(14)

Xe ls~-/2 ~ 2pl/~ Ka2 29458.16(5) 42.08825(7)

eter and of the results of the energy band width calculations. There are two sets
1

of measurements presented here, which in following will be referred to as measure-

ment SE28 and measurement SE37. Both measurements were performed using the

Quartz crysLal, which has an intrinsic resolving power in the 105 range I1081. That

is nmch higher than the maximum resolving power due to the geometric properties

of the spect, rometer setup and the electron beam, respectively (see Table 7.3). The

calculation of the energy distribution of the diffracted and detected x rays also allows
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Figure 7.1: Sketch of the transmission-type crystal spectrometer setup. The elec-

tron beam, oriented perpendicular to the page, and the cylindrically bent crystal

have to be part of the Rowland circle. The transmission spectrometer is operated

in monochromator mode, i.e, a spectrum is obtained by rotating the crystal and

archiving the number of photons detected with the germanium detector GeX as a

function of the crystal position. Synchronized data acquisition between the germa-

nium detectors GeX and GeSE is essential for the normalization of the measured

high-resolution spectra. For the energy calibration of the Ly-~I transition (see

Section 7.2), xenon Kc~ spectra -- detector Gets1 in position (1) -- and calibration

spectra -- GeC~l in position (2) -- were taken successively. About every three hours

the two detectors were interchanged.

an estimate of the impact of uncertainties in the setup geometry. The calculations

show, for example, that the uncertainties of the distance between the crystal and the

electron beam (quantity D~ in Table 7.3 ) increase the energy band width by 1.1 

for the SE28 measurement and 1.4 eV for the SE37 measurement. For small displace-
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ments with respect to the crystal-electron-beam distance the energy spread is, thus,

roughly 0.5 eV per ram. This is much less than the impact of uncertainties in lateral

direction, i.e., perpendicular to the emitted x rays. The ~ 90-#m broadening due

to the electron beam diameter, for example, causes an increase of the transmitted

x-ray energy band by 6 eV, which would be ~ 60 eV per ram. The high sensitivity

with respect to the lateral dimension makes the curvature of the crystal a very crucial

parameter. The width of the image of a point source was taken as an indicator for the

quality of the crystal curvature. The setup for measuring this image width is shown

in Figure 7.2. No CCD camera was used for determining the image width regarding

measurement SE28. Thus, the value in Table 7.3 reflects only the overall width of

the image observed on the screen. For measurement SE37 the intensity profile of the

image was measured with a CCD camera and the line width deducted from fitting the

profile at different positions. The impact of the image qualities of the bent crystal

on the resolving power -- listed in Table 7.3 -- clearly shows that the image width of

the crystal is the limiting factor with respect to the resolution of the spectrometer.

The SuperEBIT transmission-type spectrometer was designed for operation in

monochromator mode and, thus, no position sensitive detector is necessary. A high-

purity germanium detector -- detector GeX in Figure 7.1 -- with almost 100%

counting efficiency for 30 keV photons is used instead. The energy dispersion of

the germanium detector can be utilized ~or suppressing the background. A spectrum

is obtained by rotating the crystal and archiving the number of photons detected

with the germanium detector as a function of the crystal position. The crystal is

rotated by means of a high-precision stepper motor which is mounted on a modified

rotation stage. The stepper motor33 has a unidirectional repeatability of + 1 #m, the

uncertainty with respect to the traveled range is +5/~.m. In combination with the

3,,
8 (~ 161.9 mm) lever of the modified rotation stage minimum angular increments

33The stepper motor, which has a 12.7-mm range Of travel, and driver (with RS-232 interface)

are from ORIEL Corpqration, Models 18503 and 20010, respectively.
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Figure 7.2: Measurement of the imaging qualities of the cylindrically bent quartz

crystal. A point source (25/~in pin hole) illuminated by a He-Ne laser was imaged 

the crystal onto a screen and the intensity distribution of this image measured with

a CCD camera. (a) shows the optical setup and (b) the intensity distribution 

the line image. The spatial dimensions were calibrated by imaging a metal precision

¯ ruler yielding 56(1) #m per pixel. The width of the line image was 230(30) 

of 0.00035° are achievablel To take advantage of this high unidirectional precision,

all scans were performed by always rotating the crystal in the same manner, e.g.,

counter-clockwise.

Operation of the spectrometer in monochromator mode requires a normalization

of the counts measured at. each crystal position. The normalization which seemed

best suited for these measurements is based on the total number of xenon Ka x
/"
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Table 7.3: Geometric quantities of the transmission-type spectrometer setup for

the two different sets of measurements SE28 and SE3Z For both measurements a

quartz (1340) crystal was used which has a 2d spacing of 2.3604 )~[101]. Rztat is

the radius of curvature of the crystal, Ds the distance between the crystal and the

electron beam, Aell the effective area, that is the detector area which is illuminated

by the in transmission diffracted x rays. The quantity ~Xirnage is the width of the

line received by imaging a 25 pm point source with the curved crystal. The energy

"bandwidth AE of the photons hitting the area Aell is calculated as describ6d in

Section 5.2.3. In particular, AEgeo,~ is the bandwidth due to the uncertainties

in the adjustment of the spectrometer, AEbeam is caused by the 90-#m diameter

electron beam, AElocus is due to the deviation of the crystal curvature from a

perfect cylindrical shape, and AEtotal combines all three.

SE28 SE37

Rxt, t (mm) 2713.8 + 3.2 2511.4 + 1.5

Ds (ram) 2675 + 5 2475 + 5

Aell (ram2) 201 1018

6x/(#m) < 400 230 + 30

(eV) 1.1 1.3
AEb¢~m (eV) 6.1 6.4

(eV) 27 16
/~Etotal (eV) 28 18

rays emitted from the trap region. Thus, a second germanium detector was setup

at a different SuperEBIT access port for measuring the Ka spectrum. Due to the

cylindrical symmetry of the electron beam all access ports receive the same type

and amount of illumination over time which makes a normalization by means of

the measured flux at a different access port feasible. When the number of xenon Ka:

photons measured with this germanium detector reached a preset amount the counting
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process for both detectors, the transmission spectrometer detector and the Ka survey

detector was stopped, the crystal moved into the next position, and the counting

process restarted. This type of normalization automatically takes care of possible

variation in the overall xenon Ka x-ray emission of SuperEBIT caused, for example,

by high voltage breakdowns. The normalization of the transmission spectrometer

counts could be also achieved by monitoring the radiative recombination (RR) lines

instead of the Ka emission. The x-ray energies of the RR lines, however, depend on

the electron beam energy and, thus, the energy gate set for counting the RR photons

might have to be changed after each time the SuperEBIT device is tuned.

For the observation of the highly charged xenon emission neutral xenon atoms are

injected into SuperEBIT by means of a gas injector (see Figure 7.1). The injector

used in measurement SE28 supplied the xenon in form of a continuou,; flow. In

measurement SE37 a gas injector with a pulsed supersonic beam valve was used (see

also Section 4.2.1). A continuous flow of neon was also introduced into the trap region

in order to supply light ions for the evaporative cooling process, which is discussed

in Section 4.4. The gas injector pressure for the n~on cooling was in the order of

2.6.10-s Tort (~ 3.5- 10-6 Pa). The xenon injection pressure was set to about

5-10-9 Torr (~ 6.7.10-r Pa) in the case of the continuous flow (SE28). In the pulsed

injection mode (SE37) the injection pressure was above 6.10-s Tort (~ 8- 10-6 Pa).

The duration of the timing cycle was 15.5 s (SE28) and 11.2 s (SE37), respec-

tively. This includes injection of xenon gas, ionization until the high charge states

are obtained, period of data acquisition, and dumping of the ions before other high-Z

elements intrinsic to the SuperEBIT device34 accumulate in the trap. The time for

dumping and injecting was 1.25 s (SE28) and 0.5 s (SE37), the ionization took about

2.0 s (SE28) and 2.2 s (SE37). There was an additional "dead time" with respect

to the data acquisition since Ilo counts were taken while the crystal was actually in

34For example, barium and tungsten from the electron gun assembly eventually reach the trap

and displace lower-Z elements.
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motion. In particular, the data acquisition was stopped for 1.1 s in SE28 and 1.8 s in

SE37. In average, the crystal was moved every 60 s (SE28) and 40 s (SE37), respec-

tively. Therefore, the fraction of the measuring time used for actual data acquisition

was about 77% (12 s) for measurement SE28 and 72% (8.1 s) for measurement SE37.

7.1.2 Measurements

For both measurementsthe SuperEBIT operating parameters, i.e., beam current and

beam energy, are listed in Table 7.4.

In measurements SE28 the spectra were acquired by only recording the number of

photons detected with the GeX detector (see Figure 7.1) that were within the xenon

Ka emission band as a function of the crystal position. The energy gate for selection

of only the Ks emission was set hardware wise. The overall spectrum is a composite

of several scans over three different spectral regions, covering the transitions z and y,

w, and Ly-al (see Table 7.2 for spectroscopic notation). In particular, 78 Scans over

the lines z and y, 69 scans over the line w, and 75 scans over the Ly-al transition

have been performed. The result -- already normalized with respect to the number

of scans and, thus, to the overall Kc~ emission -- is shown in Figure 7.3. The whole

spectrum represents 323 hours of measurement time of which 77% ,i.e., 250 hours,

were actual data acquisition time (see Table 7.5). The count rate for each line 

listed in Table 7.5.

The data acquisition for measurement SE37 was more elaborated and allowed to

archive the complete GeX, and GeSE spectra at each crystal position. Thus, the spec-

tra are 3-dimensional data arrays: one dimension is assigned to the crystal position,

and for each position there is a 2-dimensional germanium detector spectrum, i.e.,

x-ray energy versus number of counts. Such three-parameter plots are displayed in

Figure 7.4 showing the transmission-type crystal spectrum recorded with the detector

GeX, and in Figure 7,5 showing the overall x-ray emission of the trapped ions and

the Bremsstrahlungskontinuum recorded with the detector CeSE. Both axes represent
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Table 7.4: Main operating parameters of the SuperEBIT device for the two diLfferent

sets of measurements SE28 and SEST. U is the potential difference between the

electron-gun cathode and the middle drift tube electrode, Ibeam the electron beam

current, rb the beam radius including 80% of all electrons (see eq.(4.4) on page 26,

using the same parameters as in Table 4.4on page 44). Usc is the space charge

potential according to eq.(4.25), page 35, Usc denotes the average space charge

potential within the radial distance rb x/l.?, which would be the edge of the beam

assuming that the electron density ne is homogeneous. Ebeam is the electron beam

energy, and Ve the velocity of the electrons given as a fraction of the speed .of light

Co. The uncertainty of Eb~m includes the difference of the space charge potential

between the center and the radial distance rb of the beam.

SuperEBIT

quantity SE28 SE37

U(kV) 114.147(10) 112.203(10)

h~a,, (mA) 270(10) 250(10)

rb (#m) 46.4(9) 46.3(9)

Us¢(0#m) (V) -146.32(19) -136.36(18)

U~c(rb vff-2) (V) -127.88(15) -119.16(15)

use (v) -139.13(24)=129.68(23)

Eb,a,,, (keY)114.008(21)112.073(20)

ve (co) 0.57580(4) 0.57218(4)

n, (cm-D 1.15(4) 10151.08(4) 1012

the x-ray energy. The number of counts, which is the third parameter, is .graphically

depicted by the density (and "color") of the points. This transmission-type crystal

spectrum includes scans over the by-a2,3 transitions, a spectral region that was not

observed in measurement SE28. The total data acquisition time was about 122 hours

and all together 144 scans were performed, in particular, 57 scans over Ly-a~, 22
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Figure 7.3: Spectrum of the 2p3/2 --* lsu2 (Ly-cq) transition in hydrogenlike

Xe53+, and the ls2plPt ---* ls21S0 (w), ls2p3pt ---* ls21S0 (y), and ls2s3S1 ~ ls21S0

(z) transitions in heliumlike 52+. Each channel represents the number ofdetected

photons accumulated over three steps, i.e., three consecutive crystal positions. From

the fitted line width of z and y a resolving power of 1600 -t- 320 was inferred. The

dispersion is about 6.6 eV per channel. The total data acquisition time was 250

hours.

scans over Ly-a2,3, 9 scans over w and q, and 56 scans over z and y.

Archiving the GeSE spectrum for each step allows a refined normalization of the

transmission spectrometer counts by fitting the spectral Ka feature and, thus, taking

into account the background due to Bremsstrahlung as seen in Figure 7.6. Normal-

izing with a hardware set energy gate as in measurement SE 28 includes background

counts. However, the signal to noise ratio of the Ka peak is about 12 to l, and

the fluctuations in the background level are below 15% throughout the total data
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Figure 7.4: Event-mode type spectrum of the xenon Ka emission obtained with

the transmission-type crystal spectrometer. This three-parameter plot displays the

germanium detector (GeX) spectrum along the abscissa as function of the crystal

position along the ordinate. The density of dots (and their grey shades) reflect the

number of counts at each position. The dashed lines visualize the sloped gates which

were set for obtaining a lineout. The labels Ly-c~, Ly-a2,3, q-w, and z-y denote

the main transitions covered by the different scans.

acquisition time. Therefore, the difference between the two different w~0’s of nor-

malization, although noticeable, is not significant wi~h respect to the uncertainty

due to the low number of counts collected with the transmission spectrometer. In

par~icu}ar, the line intensity ratios between the transition y and z are 0.73(12) and

0.76(17) for the measurements SE28 and SE3Z respectively. Comparing t, ransitions

observed in different spectral regions, e.g., y and w, yields intensity ratio,.; of 0.50(8)

for measurement SE28 and 0.62(14).for measuremen~ SE37. The transmission-type
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Figure 7.5: Event-mode type spectrum of the x-ray emission of SuperEBIT mea-

sured with the germanium detector GeSE (see Figure 7.1). This three-parameter

plot displays the germanium detector spectrum along the abscissa as function of the

crystal position along the ordinate. The density of dots reflect the number of counts

at each position. The spectrum represents a small fraction of all the scans over the

Ly-al spectral region.

spectra are lineouts projected onto the ordinate, i.e, the high-resolution or crystal

position axis, of the three-parameter plot. The background is reduced by setting

gates around the Kct lines prior.to the lineout procedure. Several different lineouts

were taken and separately analyzed. No significant change in the result, i.e., posi-

tion of the line centers and area of the line, has been observed within the statistical

uncertainties. Figure 7.7 shows a comparison of two different lineouts, i.e, a lineout

with sloped gates (see Figure 7.4) and a lineout achieved by setting a vertical gate

¯ around the xenon Kc~ transitions. Since the observed transitions appear along the

line of equal x-ray energy with respect to both axis, the lineout obtained with the

sloped gate, i.e., parallel to this line of equal.x:-ray energy, was used as the "final"
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Figure 7.6: Example of a xenon, Kc~ emission spectrum measured with the GeSE

germanium detector. The normalization of the high-resolution spectra measured

with the transmission spectrometer is based on the number of photons detected by

the GeSE detector within the Kc~ energy interval marked by the vertical lines. For

the normalization of the lineout spectra obtained from measurement SE37 the Ka

feature was fitted and, thus, the whole line intensity without background counts

(dashed line) was taken into account.

high-resolution xenon spectrum, shown in Figure 7.8. The spectrum is normalized

with respect to the overall Ka emission observed with the germanium detector GeSE

(Figure 7.1). The xenon Ka spectrum measured with the germanium detector Geal,

which has a higher resolving power than GeSE, was used as an additional reference

for the correctness of the normalization procedure (see also Section 7.1.3.2) below).

The efficiency of the transmission spectrometer is a crucia~ l~arameter for estimat-

ing the feasibili~, of its applications. The benefit of the gain in resolution is counter-

acted by the decrease of efficiency, .which is defined by the ratio of the counted x-ray
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Figure 7.7: Comparison of different lineouts from the three dimensional high-

resolution spectrum shown in Figure 7.4. Spectrum (a) is the result obtained 

setting vertical gates, i.e., a fixed energy interval independent of the crystal position.

Applying a gate with a slope which is defined by the line of equal x-ray energy with

respect to both axis yields the lineout shown in (b). Using the sloped gate allows

to optimize the signal to noise ratio.

photons to the total nmnber of x-rays emitted by SuperEBIT into the transmission

spectrometer’s solid angle. Thus, determination of the efficiency requires:

¯ measuring the count rates achieved with the transmission spectrometer for the

various transitions;

¯ estimating the Ka x-ray flux emitted by the highly charged xenon ions using
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Figure 7.8: Spectrum of the I(cr transitions of hydrogenlike Xe53+ and heliumlike

Xe52+. The spectrum shows the hydrogenlike 2p3/2 -’~ lsl/2 (Ly-al) transition,

and a blend of the 2pt/2 --~ lsl/2 and 2Sl/2 --~ lSl/2 (Ly-a2,3) transitions, and the

heliumlike ls2plp1 --* ]s21So (w), ls2p3p1 --* ls21So (y), and ls2s3S1 ~ ls:’~ISo (z)

transitions. The dashed line indicates the lithiumlike ls2s2p2p3/2 =* ls2 2s 2,5"1/2 (q)

innershell transition. Each channel represents the number of detected photons ac-

cumulated over three steps, i.e., three consecutive crystal positions. The dispersion

is about 6.6 eV per channel. A resolving power of 930 ± 110 was inferred from the

fitted line width of Ly-c~t and w. The total data acquisition time was 122 hours.

the count rate, emciency, and set, up geometry of the GeSE and Gecq germanium

detectors.

Since the transmission spectrometer is operated’ in monochromator mode and, thus,
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the number of counts obtained per step strongly depends on the crystal position, the

average value while scanning over the FWHM interval of the spectral line is used

to represent the count rate. A compilation of the line-specific count rates for both

measurements, SE28 and SE 37, is given in Table 7.5, which also includes the overall

SuperEBIT run time, the total measuring time, and the actual data acquisition time.

’ Table 7.5: SuperEBIT runtime, total measuring time, actual data acquisition time,

and count rates for the various transition for both measurements, i.e., SE28 and

SE37. The count rates are based on the average number of photons detected when

scanning over the FWHM of the transitions (see Table 7.2 for spectroscopic nota-

tion). The count rate for the background (bkgd) is independent of the crys{al posi-

tion. Using these count rate values for estimating the time required for archiving a
certain number of counts in the transition of choice, the additional time necessary

for scanning the neighboring background has to be taken into account.

SuperEBIT runtime (hr)

measuring time (hr)

data acquisition time (hr)

SE28 SE37

864 ~ 440

323 ~ 168

~ 250 ~ 122

Count rates (counts per hour)

Ly-al 2.00 -4- 0.26 9.8 + 1.4

Ly-a2,3 -- 8.9 + 3.2

w 2.97 + 0.25 42.8-4-6.2

q -- 13.4 + 5.4

y 2.07 + 0.26 26.6 -4- 4.7

z 2.69+0.30 35.0+5.0

bkgd 1.36 + 0.06 7.46 ± 0.37

whole Ka spectrum -- 137 + 11
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The five times higher background count rate in measurement SE37 is due to the

five times bigger area of the germanium detector used in this measurement versus

measurement SE28 (see Table 7.3). The over proportional increase of the count rates

for the characteristic x-rays emitted by heliumlike xenon ions is most likely due to

the different ion abundance. With the pulsed gas injector used in measurement SE37

a much larger number of xenon atoms can be injected comparing to the continuous

gas flow employed in SE28 without increasing the overall gas load on the SuperEBIT

vacuum system. The higher beam current (up to 285 mA) achieved in SE28 is prob-

ably the reason for the high Ly-c~l count rate with respect to count rates of the

heliumlike transitions. The count rate values, however, depend on the line width of

the transition and, thus, are not necessarily proportional to the relative intensities.

The overall count rate for the xenon Kc~ spectral feature is obtained by adding the

count rates for the observed transitions. The result of 137 =t= 11 counts per hour is

based only on measurement SE37. Note, that this is a simulated count rate in the

sense that, firstly, the transitions can not be measured simultaneously with this setup,

and secondly, the observation of a spectral line, actualb; requires also scanning over

the neighboring background, which takes additional time. Comparison of this count

rate with the overall flux of the 30-keV Ka photons emitted by SuperEBIT into the

transmission spectrometer’s solid angle yields the efficiency of the spectrometer.

The SuperEBIT x-ray flux is inferred from measurements utilizing spectroscopic

equipment of known efficiency, e.g., a germanium detector. As shown in Figure 7.1

there are two germanium detectors, GeSE and Geal, which monitor the xenon Ka

radiation emitted from SuperEBIT. The data acquisition for the Geal de, rector was

not interlocked with the crystal movement and, thus, the data acquisition time per

cycle was 8.5 s (76%) for this detector versus 8.1 s (72%) for detector GeSE. 

count rates obtained for that spectral feature are (93.1 + 4.7) g with the GeSE and

with the Gear. Taking into account the absorption of the 30-keV x(19.7 ± 3.3) 

rays due to the beryllium windows of SuperEBIT and the detectors, the optical path
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of the x rays through air, and the inactive layer of the detectors, the efficiencies of the

detectors are 96.1.°/0 and 97.5 % for GeSE and Geal, respectively. The solid angles

defined by the size of the illuminated detector area and the distance between the

electron beam and the germanium crystal of the detector, equal 1.058(64)- .2 srfor

GeSE and 2.202(29)- .3 srforGeal. The soli d angle of t he GeSEsetupis, ac tually,

limited by a 20.6mm (~"~ circular lead aperture which is placed at a distance of~,16 /

178 mm (7.0") from the centei. The quantities necessary for calculation of the solid

angles, and the efficiencies are listed in Table 7.6. The flux per unit Of solid angle is

determined by,

On - Ncnts (7.1)
rta~t t f~ ’

where Ncnts is the.number of counts, r/a~t the detector efficiency, t the counting time,

and f~ the solid angle of the detection system. For the xenon Ka emission the differen-

tial x-ray flux emitted perpendicular to the electron beam is On = (9170 + 610) 1ssr"

This value represents the weighted average of the results obtained from the two ger-

manium detector measurements, see Table 7.6.

The solid angle of the transmission-type crystal spectrometer, which is determined

by the detector area and its distance from the electron beam equals (1.4074 :t: 0.0021).
\

1i0-4 sr. The xenon Ka flux emitted into such a solid angle is, thus, (1.282 -I- 0.095) g.
!

This value includes already the absorption due to the beryllium windows of Su-

perEBIT. Comparison with the count rate of (137 :t: 11) hrr obtained with the trans-

mission spectrometer yields an efficiency of 0.0296 + 0.0031, i.e., ~ 3%. Putting the

whole spectrometer into a helium atmosphere would increase the efficiency to 3.3% .

7.1.3 Electron-impact excitation cross sections

The cross sections for the various electron-ion interactions are determined relative

to the radiative recombination (RR) cross sections. Theoretical predictions for the

radiative recombination cross sections by Scofield 11191 have shown agreement with

measured values of the cross sections of the inverse process, i.e., photoionization,
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Table 7.6: Geometric quantities necessary for determination of the efficiency rlaet

and the solid angle f~ of the germanium detectors GeSE, Gea, and GeX (see Fig-

ure 7.1). The quantity SBe is the thickness of all SuperEBIT beryllium windows

which are in the line of sight of the detector. The solid angle of the SuperEBIT

access ports is limited by a 12.7-ram circular aperture which is placed at a distance

of 72.3 mm (2.845") from the center creating a maxinmm accessible solid angle 

0.02426 st. The solid angle of the GeSE setup is limited by a 20.6-ram lead aperture
dIN~, cnts

to 0.01058(64) sr. Using the count rates (~) for the xenon Ka x-ray emi~ted 
the highly charged ions, the differential flux (O~) was determined with eq. (7.1). 

weighted average values of On and OSE are 9170 -t- 610 and 221 -t- 15, respectively.

Quantity

Detector area

Depth of Ge crystal

Non-active Ge layer

Detector Be window

Path length through air

SuperEBIT Be window

Efficiency

Distance to beam

Solid angle

Count rate

Differential flux

X-ray rate through ports

GeSE

Ad~t (ram2) 2043

Ice (mm) 20

l~, (pm) 0.3

ls~ (pro) 508

lo r (mm) 25(2)
s~ (#m) 152.4

7?d~t (%) 96.06

d (mm) 230(3)

f2 (10-4 sr) 386(11)

dt
93.1 + 4.7

¯ 720

Gea GeX

201.1 1018

l0 13

’0.3 0.3

127 254

45(1) 2432(1)

152.4 152.4

97.52 87.17

302(2) 2690(2)

22.02(29) 1.4074(21)

19.7 + 3.3 --

92OO + 1500 --

222 + 37

within 3% 1120, 121], and, thus, represent, a good reference. This uncertainty in the

theoretically calculated values has to be treated as a systematic error.

Following steps are required for the determination of the electron-impact cross
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sections:

¯ Observation of the whole characteristic spectrum covering the direct excited

(DE) transitions and the radiative recombination (RR)lines. The resolution

of this spectrum has to be sufficient for inferring the charge balance, i.e., the

relative ion abundance, from the RR lines. Knowledge of the detection efficiency

with respect to the RR and DE x-ray energies is essential for determination of

the DE intensity relative to RR lines.

¯ High-resolution measurement of the DE spectrum which shows the composition

of the DE radiation with respect to the different ion species. With the relative

ion abundance and the intensity ratio of the DE spectrum to the RR spectrum,

cross sections for the resolved spectral features can be assigned. Note, that

crystal spectrometers are polarization sensitive instruments.

¯ The measured values represent differential cross sections for emission perpen-

dicular to the electron beam. For conversion into total cross sections the polar-

ization of the spectral features observed with the high-resolution instrument is

required.

¯ The cross section values reflect a mixture of all processes that generate emission

of the characteristic x rays. The electron-imlbact excitation cross sections are

extracted using rate equations for the equilibrium conditions for each ion species

and measurements or models for the level population due to cascading from

high-n excited levels.

7.1.3..1 Charge balance

The R,R spectrmn of the highly charged xenon ions was observed with the germanium

detector GeSG (see Figure 7.1). The data acquisition of measurement SE37 was set

up for archiving this spectra at each crystal position which yields 3-dimensional data

arrays as shown in Figure T.5 (page 136). Thus, the performance of the SuperEBIT
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device with respect to the charge balance was constantly monitored. The RR spec-

tra are lineouts projected onto the abscissa. Figure 7.9 shows such a RR spectrum

obtained while scanning over the Ly-al transition. The relative intensities together

with the theoretical values of the RR cross section, listed in Table 7.7, enable the

determination of a fractional charge balance. The spectral features were fitted utiliz-

ing a function that takes into account the response of the germanium detector (see

Section 5.i.2 on page 73). The line positions were determined t, sing the measured

electron beam energy, i.e., Eb,a,,~ = 112.073 + 0.020 keV (see Table 7.4), and the the-

oretically predicted values for the electron binding energies listed in Table 7.7. For

example, the x-ray energies released by radiative electron capture onto the K-shell of

bare and hydrogenlike xenon are (153.373 + 0.020) keV and (152.344 + 0.020) keV,

respectively. The uncertainty of + 20 eV is the uncertainty of the electron beam en-

ergy. No uncertainties are given for the Predicted values of the ionization potentials

listed in Table 7.7. The width of the RR lines is dominated by the detector resolution

which is a only slowly varying function of the energy of the detected plhoton (see

eq.(5.7), page 73). Therefore, the amplitudes of the two lines and one line width 

the only free parameters for obtaining the fit for the IZR K-shell spectral feature.

The fit yields the fractional line intensities of 0.356 for the RR onto the K-shell of

bare Xe54+ and 0.644 for the RR onto the K-shell of hydrogenlike Xe53+. The detec-

tor efficiency with respect to the two transitions is 92.40% for 153.4-keV x rays and

92.62% for 152.3-keV x rays.

The ratio of the differential RR cross section values for the two transitions is 2.0026,

which basically reflects the ratio of the K-shell vacancies for these ions. Thus, the

ratio of the bare to the hydrogenlike ion abundance is 0.279 + 0.024. For each bare

Xe~4+ ion in the trap there are about 3.6 + 0.3 hydrogenlike Xe53+ ions. The fitted

line intensities, the RR cross section values and the germanium detector efficiency

completely determine the RR lines due to electron capture onto the L-shell of bare

and hydrogenlike xenon. Thus, only the amplitudes of the RR transitions onto the
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Figure 7.9: Direct excitation (DE) and radiative recombination (RR) spectra 

.highly charged xenon ions measured with the germanium detector GeSE (see Fig-

ure 7.1). Spectrum (a) which was taken during a one-hour measuring period shows

the ratio between the DE and RR emission. The RR spectrum displayed in (b)

was observed while scanning over the spectral regions of Ly~-cti, Ly-~2, and w. The
dashed and dotted lines mark the positions of the RR lines -~obtained by adding the

ionization energy listed in Table 7.7 to the beam energy which was set to 112.1 keV.
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Table 7,7: Theoretically predicted RR cross section values for electron capture onto

the K-shell of bare and hydrogenlike xenon, and onto the L-shell of bare, hydrogen-

like, heliumlike, lithiumlike, and berylliunflike xenon. The transition energies for

the RR lines are the sum of the beam energy Ebeam and the binding energy Ebouna

of the subshell where the electron gets captured onto. The differential cross sections

are for emission perpendicular to the electron beam, an,9oo = . The values
90°

are given in barn and baT__~n respectively (1 barn = 10-24 era2).
ST ’

Ebe~m = 114.1 keV Ebe~m = 119.9 keV

Ion species Shell Ebo~,~,~ a on,9oo a on,9oo

keV barn 0~T,~ barn 0~,~
8T iT.r"

K 41.306 18.256 1.0059 16.751 0.8897

bare Xe54+ LI:II 10.432 2.972 0.1735 2.710 0.1527

LIII 10.006 0.524 0.0181 0.464 0.0155

K 40.273 9.028 0.5023 8.284 0.4444

H-like Xe53+’ LI,II 10.086 2.867 0.1689 2.615 0.1487

LIII 9.628 0.481 0.0168 0.426 0.0144

He-like Xe~+ LI’II
9.803 2.783 0.1645 2.539 0.14.i8

LIII 9.307 0.461 0.0162 0.409 0.01:39

LI.II 9.564 1.568 0.0876 1.426 0.0770
Li-like Xe51+

LIII 9.063 0.463 0.0162 0.411 0.0139

Be-like Xe5°+ LI’II 9.243 0.368 0.0117 0.328 0.0100

LIII 8.865 0.460 0.0161 0.407 0.0138

L-shell of the heliumlike and tithiumlike xenon ions are the variable parameters for

fitting the F[1R L-shell feature. Adding the line representing the RR onto t.he L-shell

of berylliumlike Xe~°+ did not yield a successful fit, which shows that the amount of

berylliumlike xenon is insignificant. The result of the relative ion abundances that
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were determined as described above is compiled in Table 7.8. The charge balance was

determined separately for each spectral region and the values in Table 7.8 represent

the weighted-average.

The absolute ion abundance, i.e., the actual number of xenon ions present in

SuperEBIT, can be inferred from the flux of the characteristic RR x rays (4Ph,,RR),

the electron density (n~), the electron velocity relative to the ion (v~), and the 

cross section for the specific transition of " ~,~ tmte~,s, (aRR). In particular, the absolute

abundance of ions with the charge state q is,

(J~ hu, RR
Nq = n~ (V~ aRRq_q_l) (7.2)

Since the electron velocities are several orders of magnitude higher than the ion

velocities and the electron velocity distribution is insignificant with respect to the

mean velocity, (v~ a)can be substituted with the product v~ a. The flux of the

characteristic RR X rays is determined from the measured count rates, solid angle,

and efficiency of the detector setup (see eq.(7.1). The count rates obtained with 

1measured line intensities are 1.64 -t-0.14 g for recombination onto the K-shell of bare

Xe54+, and 2.96 ±0.25 gl ,for recombination onto the K-shell of hydrogenlike Xe53+

The efficiency of the GeSE detector setup is 90.77% for 153-keV x rays, and the solid

angle equals 1.058(64) ̄  .2 sr. Thus, the differential fl ux ofthecharacteristic RR

K-shell x rays emitted perpendicular to the electron beam is ~h,,Rn = 171 + 18 1
s.sr

1 for hydrogenlike Xe5a+ With n~ -for bare Xe54+, and ~hv,RR : 308 + 32gg~ . -

(1.08 + b.ll). 1012~--~,1 v~ = (1.71535+0.00051) ¯ 10m ~ (see Table 7.4), and 

differential RR cross sections the ion abundance in SuperEBIT according to eq.(7.2)

is 9200 =t= 1300 bare Xe5~+ ions and 33200 + 4800 hydrogenlike Xesa+ ions. The trap

volume that contributes to the observed radiation is 1.071 ̄  10.4 1 i.e.. a cvlinderctn3 , ,

of 1.27 cm height and about 0.01 cm diameter. This yields xenon ion densities of

nb= (0.86 + 0.12) ¯ l0s ~ and = (3.10 ± 0.44). s c--nv,nH ~ wi~;h the indeces b,H

denoting the bare and hydrogenlike ion species. All measured fractional and absolute

ion abundances for the various xenon charge states are listed in Table7.8.

/
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Table 7.8: Fractional and absolute ion abundances (fn, N) of trapped highly

charged xenon ions (Xe54+51+). The abundances were determined using the line

intensities of the RR transitions onto the K-shell and L-shell of the xenon ions (see

Figure 7.9). The ion density values (n) are based on an observed trap volume 

1.071 ̄  10.4 cm3, i.e., a cylinder of 1.27 cm height and about 0.01 cm diameter.

Ion species fw N n

l0s cm-a

bare Xe54+

H-like Xe5a+

He-like Xes2+

Li-like Xesl+

0.051 :k 0.003

0.184 + 0.010

0.631 ± 0.033

’0.139 ± 0.043

9200 ± 1300

33200 i 4800

117000 ± 19000

20800 ~ 7100

O.86 + 0.12

3.10 =k 0.44

11.0 =i= 1.8

1.94 =k 0.66

Combining the abundance of bare, hydrogenlike, heliumlike, and lithiumlike xenon

gives a positive charge density of p+= (8.8 + 1.0) ̄  10l° ~e (e is the elementary

charge) due to the trapped xenon ions. The space charge compensation factor, i.e.,

the ratio of positive to negative charges in the trap (see eq.(4.31) on page 40), equals

0.082 + 0.012. This value represents a lower limit since the amount of the positively

charged neon ions (neon was used as cooling gas) was not taken into account for

this estimate. The rather small space charge compensation is not surprising because

no potential difference was applied between the bottom, middle, and top drift tube

electrodes in order to optimize the charge balance with respect to the higliest charge

states of the trapped xenon ions.

7.1.3.2 Level-specific measurement of the xenon Ka spectrum

Both, measurement SE28 and SE37 allow level-specific determination of 1;he relative

line intensities. However, only measurement SE37 was used for following investiga-

tion of the electron-impact excitation cross sections, because it includes the Ly-c~21a
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transitions.

Prior to a comparison between the intensity ratios of spectra measured with a

germanium detector and spectra obtained with a. crystal spectrometer a discussion of

the polarization sensitivity of the Bragg diffraction is necessary. The reflectivity R of

a perfect crystal is given by:

_ L _ Icos201 (7.3)
...... fll

f± and fll are the reflectivity coefficients With respect to the orientation of the polar-

ization of the incoming x rays. The subscripts ± and II stand for perpendicular, and

parallel to the electron beam, respectively. The polarization P is defined by:

p _ Iii - I±
Ill + I± "

(7.4)

where I± and Ill are the intensities perpendicular and parallel to the electron beam.

Parallel to the electron beam axis linearly polarized light has a polarization P of +1,

completely perpendicular polarization obtains the value -1. Using equations (7.3) and

(7.4) the intensity adjustment due to the Bragg angle dependent refleetivity of the

crystal has the form:

2
Iad~ = Iob~ fll [1 + P + (1 - P) l ’ (7.5)

with Iobs being the line intensity observed with the crystal spectrometer and Ia¢ the

polarization adjusted line intensity. Assuming that the reflectivity coefficient fll is

constant over the small Bragg angle interval used in measurement SE37, i.e.i from

9.67° to 10.04°, the adjustment factor fPol can be written as

Io¢ 2 (7.6)
fo~ - YPo~ = I1 + P + (1 - P) Icos201l 

With ]cos2 01 ~ 0.94 the denominator modifiesto 1.94 + 0.06 P. Neglecting the

change of the line intensities due to the polarization, thus, could cause a maxinmm

deviation of 3% in the observed line area.
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The polarization of a line depends on the population of the magnetic sul~levels in

following way:

Ly-al ... P = o-a/2 - a-i/2 - 0.1/2 + 0.a/2, (7.7)
0.-3/2 -I- O’-1/2 nk- O"1/2 -I- 0"3/2

w, y ... P =
0.-1 - 2 0.0 + 0.+1 (7.8)
0"-1 + 2 0.0 + 0.+1 ’

x ... P =
0.-2 - 0.-1- 0"+1 + a+2, (7.9)
0.-2 -~- O"-1 -t- 0"+1 -l- 0"+2

z... P = jr 0.-1-20.o+a+1 (7.10)
0.-1 + 2 0.0 + 0.+1

with 0.+1/2,+3/2 and 0.o,+1 being the cross sections for electron-impact excitation from

the ground state into the specific magnetic sublevels [122, 1231. Theoretical values for

the population of the n 2 sublevels predicted by Reed utilizing the Sampson code

[124] Were used to calculate the polarization of the observed transitions according to

equations (7.7), (7.8), (7.9), and (7.10). The results are shown in Table 

After adjusting the measured line intensities for the polarization dependent Bragg

diffraction utilizing eq.(7.6) the high-resolution spectrum was normalized with re-

spect to the xenon Kc~ emission observed with the GeSE detector (as described in

Section 7.1.2). Correct determination of the line intensities is of utmost importance

for the cross section measurements. Thus, besides the normalization with respect to

the number of xenon Ka x rays, additional verification of the validity of this normal-

ization was established by comparing the intensity ratios betv~een the three spectral

features (z-y), (q-w-Ly-c~2,3), and (Ly-c~l), with the measurements of a third 

nium detector, detector Gec~l in Figure 7.1. The raw data and all intermediate steps

of adjustment and normalization of the line intensities are listed in Table 7.10.

7.1.3.3 Measured cross sections

Using the fractional intensities measured with the transmission spectrometer, the

spectral feature Kct observed with the GeSE detector is split into the various compo-

nents. The cross section values are determined by comparison with the RR spectrum
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Table 7.9: Theoretical predictions of the sub-level specific electron impact excita-
tion cross sections for the n= 1 --* 2 transitions in heliumlike Xe52+ and hydrogen-

like Xe53+ assuming an impact energy of 114 keV. The values were calculated by

Kennedy Reed utilizing the Sampson code [124] (1 barn = 10-24 cm2). The sublevel

are denoted by }heir magnetic quantum number m j, where J is the total angular

momentum. The columns .],pop contain the fractional population density of each

sublevel. The polarization P is calculated according to equations (7.7), (7.8), (7.9),

and (7.10). The relative intensities of the characteristic x-ray emission parallel:and

perpendicular to the electron beam was determined using eq.(7.4).

Hydrogenlike Xe53+

Excited a~:1/2 , a~:3/2 fpov P III I±

level barn barn q-½ +3 P % %

2sl/2 1.114 0.500 0.000 0.500 0,500

2p~/2 2.156 0.500 0.000 0.500 0.500

2/93/2 2.821 1.307 0.342 0.158 0,367 0.683 0.317

Heliumlike Xe52+

Excited ao ~:1 0"+2 fpop P III Z±

level barn barn barn 0 +1 +2 P % %

ls2p~P~ 9.676 3.883 0.555 0.223 0.427 0.714 0.286

ls2p3p2 0.0616 0.0522 0.0233 0.290 0.246 0.110 -0.383 0.308 0.692

ls2p3P~ 3.993 1.689 0.538 0.231 0.399 0.700 0.300

ls2s3S1 0.0571 0.0576 0.331 0.334 0.004 0.502 0.498

which was simultaneously observed with the same detector. The experimental setup

is designed for measuring the radiation emitted perpendicular to the electron beam.

Thus, the measured cross sections are differential cross sections. The total cross sec-

tions are inferred using the relation between the overall amount of emitted radiation
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Table 7.10: Measured line intensities (raw data), polarization adjusted intensities

Ip, ad.~ accounting for the polarization sensitive Bragg diffraction, and normalized
intensity IT,.sp. The adjustment factor J’Po~ was calculated using eq.(7.6). The

Bragg angle 0 and the crystal reflectivity R defined in eq.(7.3) are listed, too. The

normalization factor fno~m was inferred from the highly charged xenon Ko emis-

sion simultaneously measured with the germanium detectors GeSE and Ge~l (see

Figure 7.1). 

Line Raw data P 0 R f Pol Ip, ad~ fno,.,, ITrsp

Counts o Counts Counts

Ly-al 88 + 13 0.354 9.67 0.944 1.019 89 + 13 1.00 89 ± 13

Ly-a2,a 31 + 11 0.000 9.80 0.942 1.030 32 + 11 2.59 83 + 29

w 48 + 7 0.416 9.87 0.941 1.017 49 + 7 8.00 391 + 54

q 15 + 6 -- 9.90 0.941 1.030 15 + 6 8.00 121 + 47

y 85 + 15 0.390 10.01 0.940 1.019 87 ± 15 2.80 243 + 43

z 112 ± 16 0.005 10.04 0.939 1.031 115 ± 16 2.80 323 ± 46

of a dipole source (I) and the intensity in perpendicular direction with respect to the

dipole axis (I~0o) accounting for the polarization (P) of the radiation J1251:

3-P
I=4u~I90o (7.11)

Table 7.11 presents the result of the measured differential and inferred total cross

sections. The measured values are compared to theoretical cross section values cal-

culated ~, Reed 1124I. The two sets of calculations are based on a non-relativistic,

and a relativistic approach. Comparison with the measurement clearly shows the

importance of ~ncluding relativity. But even the fully relativistic treatment shows

significant deviation from the measured values.

Before discussing the differences between measured and calculated values the mag-
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Table 7.1t: Measured differential cross sections, an,90o, and inferred total cross
sections, aexpt, using eq.(7.11). The values are compared with calculations of the

electron-impact cross sections utilizing the Sampson code [124], see Table 7.9. The

two sets of calculations for the heliumlike transitions are based on a non-relativistic,

anon, and a relativistic approach a~el.

3-PLine an,90o 3 (Texpt (Tn°n
(rrel

barn / sr barn barn barn

Ly-ch 0,89 + 0.14 0.882 9.8 + 1.6 -- 8.256

Ly-a2,3 0.82 + 0.30 1.000 10.4 + 3.7 -- 6.541

w 1.09 + 0.17 0.861 11.8 + 1.8 21.64 17.45

y 0.68 + 0.13 0.870 7.4 + 1.4 0.127 7.313

z 0.90 ± 0.15 0.998 11.3 + 1.8 0.123 0.172

nitude of contributions which populate the n = 2 levels due to processes other than

direct electron-ion impact excitation of a ground state electron has to be estimated.

The processes considered for in following discussion are:

¯ Radiative recombination;

¯ Charge exchange processes between neutrals and the highly charged xenon ions;

¯ Innershell ionization of lithiumlike xenon ions;

¯ Population of the n = 2 levels due to cascades after electron-impact excitation

of n > 2 levels;

A schematic diagram regarding these processes is shown in Figure 7.10 and Fig-

ure 7.13. The time evolution for the abundance of each ion species is characterized

by the magnitude of the rates, i.e., the rate for radiative recombination, charge ex-

change, electron-impact ionization, and the rate at which the ions leave the trap.
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Figure 7.10: Schematic diagram of the main processes for (a) the charge balance

and (b) the population of the n = 9 levels. The charge balance in SuperEBIT

is in equilibrium and, thus, the contribution due to radiative recombination (RR),

electron-impact ionization (ion), and charge exchange (CX) are balanced. The area :

of each box is proportional to the abundance. The processes which populate the n

= 2 levels other than direct excitation due to electron impact are sketched in (b).

The measured intensity of the Ka radiation is proportional to the population of the

n = 2 levels. Only the innershell ionization (ii) of lithinmlike ions has to be taken

into account as contributing factor to the Ka emission, in particular, to the line z.

The rate equation for ions of the charge state q is:
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Nq is the abundance of ions with the charge q, r~ is the electron density, n0 the density

of neutrals (atoms and/or molecules), v~ and Vo are the velocities of the electrons and

neutrals with respect to the ions. The attributes RR,~on, cx of the cross section a

stand for radiative recombination, electron-impact ionization and charge exchange.

The factor lt,ap Nq accounts for the amount of ions which are escaping from the trap,

or from the region of observation to be more specific. Since the cross sections depend

on the impact energy and, thus, on the velocity, the velocity cross section product

has to be averaged over the velocity distribution and the notation (v o-) is used. The

velocities between the neutrals and ions Vo are dominated by the ion velocities which

show a Maxwellian distribution which is Cut off at an upper velocity limit at which

the kinetic energy of the ion equals the trapping.potential and the ions can escape the

trapping region. The electron velocities are several orders of magnitude higher than

the ion velocities and the electron velocity distribution-is insignificant with respect to

the mean velocity. Thus, the use of a single velocity instead of a velocity distribution

is justified and the product v~ a can be used instead of (v a).

For such highly charged ions as lithiumlike to bare xenon, the depth of the electro-

static trapping potential experienced by these ions is about equal and the loss rate

can be considered independent of the charge state. Observation of the Ka emission of

highly charged xenon ions have shown that during the8.5-s data acquisition time the

count rate of the Ka photons stays almost constant. The fluctuations in the count

rate are in the order Of a few percent and, therefore, a decrease below about 2% would

not be detectable. A 2% loss during the 8.5-s time span means a loss rate of ~ 0.046

ions per second. However. all the x-ray spectra were not recorded as a function of the

data acquisition time with respect to one duty cycle and, thus, results like photon flux

and ion abundance present average valueS which implicitly include the ion loss rate.

Since the amount of ions lost, is proportional to the ion abundance the loss rate does

not influence the charge balance. Thus, during the period of data acquisition within

each cycle the charge balance can be considered as time independent and ~ equals



zero for all charge states q. Solving the rate equation for equilibrium conditions also

requires to take out the ion loss rate term because this quantity is not balanced by

any other process since the measurement was performed utilizing a pulsed gas injec-

tor and, thus, the introduction of neutral xenon took place only during the, injection

period which was not part of the data acquisition interval.

The RR rates are calculated using the cross section values for the recombination

onto the K- and L-shells from Table 7.8. The RR cross sections for recombination

onto the M--shell are determined form the measured RR spectra. Due to the equal

amount of vacancies in the M-shell, the RR cross sections are roughly the same for

all trapped xenon ions. With this assumption the cross section for recombination

onto the M-shell, O’RR,M, iS inferred from the comparison to the total RR rate: for

recombination onto the L-shell by following relation

Ncnts,M ~det’,L ~q (YRRq--,-I,L Nq
(7.13)aRR,M- Nc,~,L ~7,~,M

Zq Nq ’

where Nc,~ts,M and N~,,ts,L are the number of counts in the M-shell and [,-shell RR

lines, v/dCt is the detector efficiency, and ~q is the sum over the different charge states

q, i.e., lithiumlike, heliumlike, hydrogenlike, and bare xenon. The ratio of counts

between the M-shell RR lines and the L-shell RR lines is 0.458 -4- 0.002. Tile detector

setup efficiency only changes by 0.76% making the ratio ~dct,L = 0.992. Using
7]det,M

eq.(7.13), the ion abundance listed in Table 7.8 and the L~shell cross sections from

Table 7.7 yields a RR cross section of aRR,M = 0.142:1:0.006 barn for recombination

onto the M-shell of each ion species. The ionization cross sections necessary for

determining the ionization rates in eq.(7.12) are calculated using the Lotz formula

[126, 127[, i.e.,

aio,,~ = a~ bi E Eio,~,i ’
(7.14)

where a~ = 4.5.10-~%m2eV2,

and b~ is the number of equivalent electrons in the i-th subshell. The charge exchange

rates are defined by balancing eq.(7.12). For example, the gain of bare ~4+ due
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to electron-impac_t ionization of hydrogenlike Xe5a+ is balanced by the loss due to

capture either of a beam electron (RR) or of a bound electron (CX) from neutral

atoms like neon, which is continuously injected into the trap. With an electron density

ofn~ = (1.08 -I- 0.11)..1012 1 and an electron velocity ofv~ = (1.71535 + 0.00051)-h--m-~,
11010-g-cm (see Table 7.4), the rates, normalized to one bare ion, are +0.644(74) g 

1 due toto ionization of hydrogenlike xenon (cr~o~,_b = 9.7 barn) and -0.429(52) 

IRR. Requiring equilibrium conditions the charge exchange has to yield -0.215(90) 

Assuming an ion temperature of about 1 keV, and a neutral gas pressure of 10-l° Torr,

i.e., Vo = 3.88- 106 9.m and no = 3.3.106 1h-N~, gives a charge exchange cross section

of acxb_~, = 1.7- 10-14 cm2. This is in perfect agreement with recent measurements

[1281. The calculated rates are listed in Table 7.12. The ionization rates are lower

limits due to the fact that the Lotz formula systematically underestimates the true

ionization cross sections [1291. Thus, the values for the charge exchange recombination

rates are upper limits. The charge exchange cross sections inferred from the rates are

listed in Table 7.13.

The fraction of the recombination and ionization processes that populates the L-

shell levels and, thus, contributes to the observed line emission is estimated using

a combination of measurements and models. The population of the LI,II and LIH

subshells due to radiative recombination is calculated using the RR cross sections

values from Table 7.7. Assuming that the distribution within a subshell is according

to the statistical weights of the levels the population of the n = 2 levels can be

determined. Table 7.14 gives an overview of the types and statistical weights of the

levels within the n = 2 subshells.

The enhancement of the n =2 --, 1 transitions at a given population density of

the n = 2 levels depends on the branching ratios of the radiative decay channels.

For hydrogenlike ions the rates for spontaneous transitions wit tiin the L-shell are

negligible in comparison with the spontaneous radiative decay rates of the n = 2 ~ 1

transitions. Thus, only the 2sl/2 level has more than one significant decay channel,
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Table 7.12: Estimated rates for radiative recombination, charge exchange, and

electron-impact ionization. The rates are normalized to the presence of one bare

xenon ion in the trap -- and, thus, 3.584-0.30 hydrogenlike, 12.74-1.0 heliumlike,

and 2.244-0.71 lithiumlike ions (see TableT.8). Additionally, a berylliumlike xenon

abundance of ~. the amount of the lithiumlike abundance was chosen for balancing

the loss of lithiumlike ions due to CX and RR with the gain due to ionization of

berylliumlike ions. This would be the maximum amount of berylliumlike xenon

that is not detectable with the current resolution of the RP~ spectra taken with the

detector GeSE. Thus, there are no uncertainties listed for rates which involve the

berylliumlike species since its abundance is inferred solely fi’om the uncertainties of

the RR-spectrum fitting procedure.

ion species RR ion CX

1 1 1
S S S

gain -- 0.644 4- 0.074 --
bare Xe54+

loss 0.429 4- 0.052 -- 0.215 4- 0.090

gain 0.429 4- 0.052 4.79 4- 0.52 0.215 4- 0.090
H-like Xe53+

loss 0.92 4- 0.10 0.644 4- 0.074 3.87 4- 0.54

gain 0.92 4- 0.10 4.9 + 1.6 3.87 4- 0.54
He-like Xe52+

loss 1.10 4- 0.12 4.79 4- 0.52 3.8 4- 1.8

gain 1.10 4- 0.12 1.9 3.8 4- 1.8
Li-like Xea+

loss 0.144 4- 0.046 4.9 4- 1.6 1.7

i.e., the two-photon and one-photon decay to the lsl/2 groundstate [130, 131, 1321 .

In hydrogenlike Xe53+ the fraction of the two-photon dee~y is only 23% . Therefore,

88.5% of the LI,II subshell population contribute to the Ly-a2,3 line blend. The

branching ratios for the n = 2 levels in heliumlike xenon were determined using

the theoretical predictions for the spontaneous radiative decay rates by Lin et al.

[1331 and interpolating their results for xenon (Z = 54). Additional calculations 
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Table 7.13: The charge exchange cross sections for the highly charged xenon ions

are inferred from the charge exchange rates (see Table 7.12) assuming a neutral
1 (neutral gas pressure in SuperEBIT ~ 10-1° Torr),density of no = 3.3 - 106

and a velocity of vo = 3.88. 1069~ between the neutral particles and the xenon

ions (ion temperature ~ 1 keV).

ion species CX

10-14 cm2

bare Xe54+

H-like Xe53+

He-like Xe52+

1.68 + 0.79

8.4 + 2.2

2.4 + 1.2

Table 7.14: List of the types (LS notation) and statistical weights (gj = 2J + 1) of

the levels within the n = 2 subshells for the hydrogenlike and heliumlike isoelectronic

sequence.

Hydrogenlike Heliumlike

Subshell . Level ga Level ga

ls2s 1So 1
LI 2Sl/2 2

ls2s 3S1 3

ls2p3Po 1
LII 2pl/2 2

ls2p3p1 3

ls2p 1t:’1 3
LII I 2p3/2 4

ls2pap2 5

Osterheld (private communication) were implemented in the determination of the

branching ratios. The result: 93.4% of the LII I subshetl population contribute to
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the line w (ls2plP1 --) ls21So), or the line blend w-x to be specific, the remaining

6.6% populate the ls2s 3S1 level; 40.9% of the LI,II subshell population c, ontribute

to the line emission of y (ls2p3p1 ---+ ls21So) and 46.7% to (l s2s3S1 --~ ls21So).

A sketch visualizing the obtained branching ratios is shown in Figure 7.:[1. The

Hydrogenlike Xe5~+

s P
8/2

Heliumlike Xe52+

n=2
n=2

Figure 7.11: Branching ratios for the n = 2 --* 1 transitions in hydrogenlike and

heliumlike xenon. The Einstein coefficients for the transitions were interpolated

from theoretical predictions for several heliumlike ions [133]. The values for the

l s2p3Po---, ls21S0 transition and l s2s 1So --~--* ls21So two-photon transition are

from Ref. [130, 131,132].

contribution of the RR onto the M-shell to the population of the n = 2 levels is

neglected in this estimate. This is justifiable because for most of the transitions the

branching ratios strongly favor the direct transition to the ground state. Moreover,

the underestimation of the effect of RR due to neglecting the M-shell RR processes

is balanced by the overestimation of the contributions due to CX processes since the

CX rates calculated above are upper limits.’

The enhancement of the L-shell population of the heliumlike ions due to inner-

shell ionization (ii) of the lithiumlike species is estimated using she ionization cross

sections for heliumlike xenon given by the Lotz formula in eq.(7.14), i.e., cri~L~_~e

a~o,,,e_,~ = 20.4 barn. Since most of the time the ions are in the ground state the

innershell ionization contributes only to the ls2s excited heliumlike configuration.

Assuming a distribution according to the statistical weights 3/4 of the heliumlike
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xenon ions that are produced by innershell ionization of lithiumlike ions have an

ls2saS1 excited level and, thus, radiatively decay by emitting a ls2saS~ ---, lselSo x

ray.

The fractional population of the L-shell due to charge exchange recombination was

measured operating SuperEBIT in the magnetic trapping mode 1134]. After highly

charged xenon ions were produced in SuperEBIT the electron beam was turned off,

and the ions were trapped in the radial direction solely by the magnetic field. Using

the pulsed gas injector a puff of xenon was injected and the x-ray emission observed.

Figure 7.12 shows the n _> 2~-~ 1 transitions emitted by hydrogen- and heliumlike

xenon ions following charge exchange recOmbination with neutral xenon. With the

assumption that for the hydrogenlike Xe5a+ the distribution among the LI,II and LIII

subshells is equal, which would yield an intensity ratio of 0.885 between the Ly-~l

line and the Ly-a2,a line blend, the hydrogenlike n = 2 -~ 1 transitions account

for roughly 1/3 of all the hydrogenlike n >__ 2 -~ 1 x rays. The heliumlike spectral

features show that the intensity of the n -- 2 -~ 1 transitions is about 2/3 of the

overall n _> 2 ~ 1 line intensities emitted by this ion species. About 40% of all the

charge exchange electrons which end up in the n = 2 shell populate the LII I subshell

and, thus, contribute to the transition w. The rest (roughly 60%) populate the LI,II

subshells enhancing the transitions y and z. The fractional line intensities of y and

z are 46.7% and 53.3% respectively, according to the branching ratios determined

above.

For comparison with the measured cross sections the rates are divided by the

number of ions, the electron density, and the relative electron velocity. That way

an electron-ion interaction equivalent cross section (~) for all processes considered

-- including the charge exchange recombination -- is calculated. Subtracting these

contributions from the measured values yields cross sections which are determined by

electron-impact excitation only. For the hydrogenlike transition Ly-a:~, for example,

.the measured total cross section is (Texpt = 9.8.-Jr 1.6 barn. The amount due to
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Figure 7.12: K--shell X-ray emission of helium- and hydrogenlike xenon ions after

electron capture due to charge exchange with neutral xenon. SuperEBIT was op-

erated in the magnetic trapping mode. The series limit (n --~ oo) for the n --* 

transition is marked with a dashed line for each ion species (values are taken from

Table 7.1). The presence of counts above the series limit is due to the low resolving

power of the detector. Kfl and K’), denote the n = 3 ~ 1 and n = 4 --~ 1 transitions,

respectively.

~ ~ - 0.146 + 0.13 barn,RR onto the LII I subshell of bare xenon equals aRRb_H N, --

and charge exchange between bare xenon ions and neutrals account for an electron-

ion interaction equivalent of 5c.x-~_, = 0.57 -I- 0.26 barn. The adjusted value for

the measured Ly-al cross section is, thus, a = 9.1 =h 1.6 barn. This is, however,

only an intermediate result, because there is one more adjustment necessary for the

determination of the electron-impact excitation values. This remaining adjustment
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is the estimate of the fractional population of the n = 2 levels due to electron-impact

excitation of n > 2 levels. These contributions to the xenon Ka spectrum were

estimated using calculations by Osterheld (private communication) which included

electron-impact excitation and radiative rates for all n = 2, 3, and 4 levels. The result

of these calculations, which is sketched in Figure 7.13, shows that the 2s levels receive

a substantial fraction of their population density from upper levels. In hydrogenlike

xenon 85%of the 2Sl/2 level is populated directly by electron-impact excitation of

the ground state, i.e., (lsl/2 ~ 2sl/2). In heliumlike xenon only 23% of the observed

ls2saS1 --, ls21So x rays are due to electron-impact excitation from the ground state

to this level. A compilation of the contributions due to processes other than electron-

impact excitation of the n = 1 ~ 2 transitions is given in Table 7.15. The electron-

impact excitations are extracted by subtracting the RR, innershell ionization, and

CX contributions from the measured values. An overview of the measured total cross

sections, the experimentally determined electron-impact excitation cross sections and

the theoretical predictions is given in Table 7.16 and shown in Figure 7.14.

The comparison shows that agreement between the measured and theoretically

predicted values is found fo/" the hydrogenlike transitions. The heliumlike transitions,

however, significantly disagree despite the rather large uncertainties for the measured

values, The disagreement ismost significant for the ls2plP1 ~ ls21So transition (w),

where the measured and calculated values are separated by 5.3 times the l-or confi-

dence limit which presents the statistical uncertainty of the measured electron-impact

excitation cross Section. The cross section forthe transition y, i.e., ls2paP1 --+ ls21So,

shows a deviation from the calculated value of .2.3 times the statistical error Of the

measured quantity, and for the ls2saS, ---, ls2~So transition z the difference between

measurement and theoretical prediction is 1.9 times the statistical uncertainty of the

measured cross section. So far, only two’measurements have been performed in-

vestigating tile electron-impact cross sections of highly charged heliumlike ions. One

measurement focused on heliumlike titanium, Ti2°+, covering an impact energy range
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Figure 7.13: Population of the n = 2 levels in (a) 53+ and (b ) Xe 52+ due to

electron-impact excitation and radiative de excitation. The model includes electron-

impact excitation of all n = 2, 3, and 4 levels. Only transitions with a contlribution

of > 1% to the total population density of the excited n = 2 levels are shown. The

separation in vertical direction is according to shells, i.e., K-shell (n = 1), L-shell

(n = 2), etc., in horizontal direction according to subshells, i.e., I (su2), (Pl/2),

III (P3/2) etc.. The heliumlike levels also include the LS notation for the levels.

from threshold up to 1.7 times threshold [135[, the second measurement presents

the electron-impact cross sections for heliumlike ions from Z = 22 to 26, i.e., Ti2°+,
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Table 7.15: Electron impact excitation cross sections for the n = 1 --* 2 transitions

in heliumlike and hydrogenlike xenon. The values are extracted flom the measured

total cross sections after accounting for RR, innershell ionization (ii), CX. The

contributions are given in form of an electron-ion interaction equivalent cross section

(notation 5), e.g., the cross section values presenting the contribution due to CX are

not the actual CX cross sections. The fractional population fpop of tile n = 2 levels

accounts for electron-impact excitation of all n > 2 levels "followed" by radiative

decay. The uncertainties listed combine statistical uncertainties and uncertainties in

the contribution from the adjustments with respect to the RR, CX, and ii processes.

A systematical uncertainties has tb be "added" due to the 3% uncertainty in the

theoretical values of the RR cross section which was,used for the normalization of

the measured electron-impact cross sections.

Ly-al 9,8 -I- 1.6 0,146 + 0.013 0,57 -t- 0.26 -- 0.944 8.6 + 1.5

Ly-a2,3 10.4 + 3.7 0.734 + 0.064 0,50 + 0.23 -- 0.904 8.2 + 3.4

w 11.8 + 1.8 0.127 -I- 0.009 4.29 -t- 0.99 -- 0.950 7.0 -t- 2.0

y 7.4"+ 1.4 0.332 + 0.023 3.00 ± 0.63 -- 0.953 3.9 + 1.5

Z 11.3 + 1.8 0.388 + 0,027 3.43 + 0,72 2,71 -t- 0.84 0.227 1,08 + 0.48

Vm+, Cr22+, Mn23+, and Fe24+, near threshold for excitation of the heliumlike tran-

sitions [136]. In both measurement a slight overestimation of the electron-impact

excitation cross sections for the heliumlike transitions ls2plP1 --, ls21So (w) and

ls2s3S1 --, ls2~So (z) was found. In a recent paper by Fontes et al. I5] the electron-

impact excitation cross section calculations were refined by including the generalized

Breit interaction. Fontes et al. compare the results for the collision strength of hy-

drogenlike and heliumlike xenon obtained by considering only Coulomb interaction

and by including the generalized Breit interaction. The impact energy is close to

166



Table 7.16: Comparison between the,experimental and theoretical values ]!or the

electron impact excitation cross section for the n = 1 ~ 2 transitions in heliumlike

and hydrogenlike xenon. The experimentally achieved electron-impact excitation

values O’ee are extracted fiom the measured total cross sections aexpt after ax:count-

ing for radiative recombination, innershell ionization, and charge exchange (,see Ta-

ble 7.15). The uncertainties listed combine statistical uncertainties and uncertainties

in the contribution from the adjustments with respect to the RR, CX, and ii pro-

cesses. Additionally, a 3% systematical uncertainty arises from the normalization

with respect to the theoretically predicted RR cross sections. The theoretically

predicted values atheo are fully relativistic calculations utilizing the Sampson code

[124]. The Breit interaction was not included in this calculations.

line ff ezpt ~ree Crtheo

barn barn barn

Ly-al 9.8 -t- 1.6 8.6 4- 1.5 8.256

Ly-a2,3 10.4 + 3.7 8.2 4- 3.4 6.541

w 11.8 :t: 1.8 7.0 + 2.0 17.45

y 7.4 4- 1.4 3.9 4- 1.5 7.313

z 11.3 4- 1.8 1.08 4- 0.48 0.172

threshold in their calculations, in particular, the energy of the scattered electron is

kept constant at 300 eV, which is, unfortunately, not achievable in any experimental

setup. Including the Breit interaction has most significant impact on the 2s ~ ls

transitions. For hydrogenlike xenon the electron-impact excitation cross ~sections for

the Ly-a2,3 blend are increased by 18.5% , for the Ly-al transition, however, a de-

crease of 0.9% is predicted. The heliumlike transitions are similarly effected, i.e., an

increase of 7.1% for 3~ 7.3% for z, and a decrease of 7.5% for w. However, the theo-

retical values are for near-threshold conditions and, thus, can not be inco,rporated in

the analysis of the cross sections which were measured at an electron-impact energy
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Figure 7.14: Comparison between the experimental and theoretical values for the

electron impact excitation cross section for the n = 1 ---* 2 transitions in heliumlike

and hydrogenlike xenon. The plot shows the measured cross sections aezpt, the inter-

mediate values obtained afte~r adjustment with respect to radiative recombination,

innershell ionization, and charge exchange are denoted flint. The final electron-

impact excitation values Oee include the correction with respect to the fl’actional

population listed in Table 7.15. The uncertainties shown are statistical uncertainties

only. The theoretically predicted values have been calculated utilizing the Sampson

code [124]. The atheo,cZ results (only calculated for the heliumlike transitions) 

not include relativity, atheo,reZ are fully relativistic calculations.

of 3.7 times the exckation threshold.

168



7.1.4 Determination of the wavelengths

The high precision of the crystal holder rotation mechanism allows a very accurate

determination of the dispersion of the recorded high-resolution spectra, The Bragg

angle difference A0 between the centroids of two spectral lines i and j is:

(7.151
= ]a, ctan _

i

with ~o being the angle of the crystal holder with respect to a arbitrarily chosen

¯ reference, R~ the distance between the center of the rotation stage and the point of

contact of the stepper-motor driven micrometer-screw, and x~ the amount of actuator

movement. The assignment of the geometric quantities is shown in Figure 7.15.

The absolute values are chosen because it depends on the setup geometry whether

increasing values of the crystal holder angle increase or decrease the Bragg angle.

The maximum Bragg angle difference encountered during the observation of the Ka

emission of the highly charged xenon ions is 0.374°. Therefore, the devliation due

to the approximation p ~, tan ~ is below 14 ppm, much better than the accuracy

achieved in following wavelengths measurement. This approximation changes the

previous equation to

}AO~’Jl = I xs’~-RLx’’JI = (N~,i- N~,3)tt, AxstevI = IANsi’j~steP (7.16)

The actuator movement x~ is a multiple of the minimum step length astep. Thus,

the" Bragg angle difference can be expressed as a multiple of the minimum angular

increment W~tep. The number of steps N~ between two line centroids is determined

by the result of the line fitting procedure. The ball point design of the actuator-

lever contact keeps the distance Rl almost constant, i.e., the change is below 10 ppm

for a rotation of less than 0.4°. The minimum angular increment per step equals
o

9~tCp = (3.569 + 0.005) ̄  10.4 step’ and was measured using an optical setup.

The transmission spectrometer in its current setup is not equipped for absolute

Bragg angle measurements and the determination of the wavelengths requires the
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Figure 7.15: The rotation of the transmission crystal is performed by means of

a stepper motor driven actuator which pushes a lever at a distance ofvs~3’’ from

the pivot point, i.e., the ceni~er of the rotation stage. The geometric quantities

which determine the dispersion defined by this rotation mechanism are the distance

between the pivot point and the point of contact of the actuator Rz, and the length of

actuator movement xs. The change in angle ~ equals the difference in Bragg angle.

The ball-point design of the actuator-lever contact keeps the effective rotation arm

Rl nearly constant.

observation of at least one calibration line. Therefore, the wavelengths and transition

energies were determined relative to Ly-c~l, since the predicted values for the transi-

tion energies in hydrogenlike Systems are known to a high degree ofaccuracy. For the

xenon Ly-c~l transition energy, for example, the uncertainty in the theoretical predic-

tions by Johnson and Soft I271 are only 2.9 ppm, in particular, the transition energy

is 31283.77(9) eV, thus, the wavelength equals 39.6321(1) pm. With this wavelength

and a 2d-spacing of 2.3604 A for the (1340)-oriented Quartz crystal the Bragg angle

is 9.6660 °, according to eq.(5.9). The distance to the centroid of the neighboring

Ly-c~2,a blend is 380.0 steps. Using eq.(7.16) gives a Bragg angle difference of 0.136°

and, thus, a wavelength of 40.183 pm for this spectral feature. The values obtained for

the Bragg angles, wavelengths, and transition energies for both measurements SE28
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and SE37 are listed in Table 7.17. The accuracy is currently limited by counting

statistics. In fact, an increase in the number of counts of at least a factor of 10 would

be necessary to match the much lower uncertainty associated with the determination

of the dispersion.

Table 7.17: Determination of the Bragg angles, wavelengths, and energies for the n

= 2 ---* 1 transitions in hydrogenlike and heliumlike xenon. The theoretical predic-

tions for the Ly-al transition energy from Johnson and Soft [27], i.e., 31283.77(9) eV,

was used for calibration of the observed spectra. The uncertainty listed for the Ly-

al values are due to the uncertainty of the line centroid determination which, of

course, effects the uncertainties of all the other transitions, too. The 2d~pacing

of the (1340) Quartz crystal equals 2.3604 A[101]. For the wavelength .to energy

conversion the voltage-wavelength product of V ,k = 12398.4243 eV Awas used.

line 0 A

° pm

SE28

Ly-al 9.6660 + 0.0010 39.632 ± 0.004

w 9.8758 + 0.0013 40.484 ± 0.005

y 10.0139 ± 0.0013 41.044 ± 0.006

z 10.0418 ± 0.0012 41.158 ± 0.005

FJ Arel

eV ppm

31283.8 i 3.3 100

30625.5 ± 4.0 130

30207.3 ± 4.1 140

30124.2 ± 3.9 13;0

SE37

Ly-al 9.6660 ± 0.0007 39.632 ± 0.003 31283.8 ± 2.3 70

Ly-a2,3 9.8016 ± 0.0018 40.183 i 0.007 30855.0 i 5.7 180

w 9.8761 i 0.0013 40.485 i 0.005 30624.5 + 4.0 130

q 9.9075 i 0.0043 40.612 i 0.018 30529 + 13 430

y 10.0113 ± 0.0015 41.034 i 0.006 30215.1 + 4.5 150

z 10.0395 ± 0.0013 41.148 ± 0.005 30131.3 ± 3.9 130

A comparison between measured and theoretically predicted values for the transi-
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tion energies is given in Table 7.18. For the hydrogenlike transitions Johnson and Soft

I271 predict transition energies of 30856.36(9) eV for the Ly-a2 and 30863.49(9) eV 

the Ly-c~3 line. A lineblend of 65070 Ly-a2 and 35070 Ly-cta --the relative intensities

are taken from a model including electron-impact excitation and radiative decay of

all n < 5 levels, see Section 7.1.3.3 -- would have the centroid position at 30858.9 eV

and, thus, agreement between the theoretically and experimentally achieved values

exists within the l-or confidence limit of the measurement. For the transition energies

in heliumlike systems there are several recent theoretical=calculations available which

are based on combining high-precision nonrelativistic variational calculations with

relativistic and quantum electrodynamic corrections, also known as unified method

(UM) [361, all order many body perturbation theory (MBPT) I371aS, and configuration

interaction (CI) calculations Ii15, 1001. The results utilizing the various theoretical

approaches deviate from each other by less than 50 ppm. The measured values of

the Xe52+ transition energies have, unfortunately, uncertainties up to 140 ppm and,

thus, do not allow to distinguish between the different theories. Despite the large

uncertainties disagreement with respect to the l-er confidence limit has been found

for all theoretical predictions for the lines w and y, i.e., the ls2plP1 ---+ ls21So and

ls2pap~ ---, ls21So transitions, respectively. Figure 7.16 visualizes the comparison by

plotting the relative deviation in ppm. The reference for the hydrogenlike transition

energies is the result obtained by Johnson and Soft I27]. For the heliumlike transition

energies the values calculated by Drake are taken as a reference I361.

Besides lowering the uncertainties of the measured values, the goal for a success-

ful benchmark test of the theoretical predictions is calibrating the spectrum on a

purely experimental basis. Such a measurement would tie the observed position of

the spectral line to the primary x-ray standard, i.e., the W Kct~ x-ray emission.

A possible scenario of such a calibration for the transmission crystal spectrometer

measurements involves me~uring well known lines emission in the 30-keV x-r~r en-

aSThe term "all order" in this paper refers to (Z~)a contributions.
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Table 7.18: Comparison between measured and theoretically predicted trar~ition

energies for the hydrogenlike and heliumlike xenon Ks lines. The measured values

Eexpt are taken from Table 7.17. For the heliumlike transitions w,y, and z the average

of both measurements SE28 and SE3~/was taken. The theoretical values are from

Johnson and Soft Ed&s [27], from Drake ED [36], Plante et al. Ep [37], and Chen

et al. and Cheng et al. Eeoc [115, 100].

Hydrogenlike transitions

line Ee,~pt E j~s

eV eV

Ly-a2 30856.36
30855.0 ± 5.7

Ly-a3 30863.49

Heliumlike transitions

line Eexp, Eo Ep Ec~c

eV eV eV eV

w 30625.0 ± 2.8 30629.28 30629.68 30630.64

x -- 30593.54 30593.93 30594.96

y 30211.2 ± 4.1 30205.58 30205.87 30206.90

z 30127.8±3.9 30128.40 30128.78 30129.79

ergy band, e.g., the Kal,2 lines of cesium. Unfortunately, involving the emission of a

neutral particle excludes its use during the operation of the electron beara since im-

mediate electron-impact ionization would shift the transition energies. Performing a

successive calibration is possible by positioning a slit with a width comparable to the

electron beam diameter exactly at the position of the electron beam and illuminating

the slit with an x-ray source emitting Cs Ka photons, such as a 13~a radioisotope.

However, the accuracy of the slit placement has to be in the order of :+lO#m for

achieving an energy calibration with an uncertainty below ±1 eV. Currently, the slit
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Figure 7.16: Relative deviation between measured and theoretically predicted tran-

sition energies for the hydrogenlike and heliumlike xenon Kc~ lines. The reference

for:the hydrogenlike transition energies is the result obtained by Johnson and Soft

[271. For the heliumlike transition energies the values calculated by Drake using the

unified method (UM) are taken as a reference [36]. The values marked with a "+"

were calculated by Plante et al. [37] summing all--orders of many-body perturba-

tion theory (MBPT). The "x" represent the values obtained by Cheng et al. and

Chen et al. [115,100] applying relativistic configuration interaction (CI) calculations

combined with ab initio QED calculations.

position is Controllable only within +140#m, i.e., the amount of thermal expansion

of the slit mount versus drift tube mount caused by the cryogenic cooling of the Su-

perEBIT device¯ This shift introduces a syst4matic uncertainty of about 12 eV for
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the measured transition energies and, thus, this method of calibration is currently

not feasible. However, the need for a calibration line for the high-resolution spec-

tra recorded with the transmission-type crystal spectrometer was the motivation for

measuring the xenon Ly-al transition energy with respect to the primary x-ray stan-

dard utilizing state-of-the-art germanium detectors, described in Section 5.1. That

way, the measured transition energies of the hydrogenlike and heliumlike lines can be

tied to the measured value of the Ly-al transition energy.

7.2 Measurement of the Ly-~I transition energy in hydro-

genlike Xe53+

The following measurement was clearly motivated by the need of calibrating the highly

resolved xenon Ka spectrum. However, a precision measurement of the Ly-al transi-

tion energy with respect to the available x-ray standards is an important test bed for

the implementation of QED and nuclear contributions in the atomic structure calcula-

tions. The experimental goal of measuring the l-s Lamb shift in hydrogenlike high-Z

ions to the sub-l-eV level promises sensitivity towards so called two-loop QED effects

1137, 138, 311 ̄ Currently,. the most precise test of QED are high-resolution measure-

ments of the 2p ~ 2s transitions in lithiumlike high-Z ions I139, 140, 141, 142] .

However, advancements in the precision of the level energy measurements for hydro-

genlike systems are still highly appreciated since those one-electron systems are the

theoretically best understood configurations. Recent measurements of the hyperfine

splitting of the groundstate of hydrogenlike high-Z ions have shown that the accuracy

is limited by the uncertainty of nuclear parameters, such as the magnetic moment

I33, 35}I33, 351. Using xenon should be, thus, an advantage since the nuclear size ef-

fects are still small in comparison with the highest-Z ions, like thorium and uranium,

respectively.
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7.2.1 Experimental setup and measurement

The Ly-ctl transition energy measurement was performed parallel to the high-resolution

transmission-type crystal spectrometer measurement discussed above. Two state-of-

the-art germanium detectors were used for successively observing the Kc~ x-ray radi-

ation emitted by the highly charged xenon ions in the trap and the spectra of x-ray

sources containing the Kc~ emission of cesium and barium. The detectors are labeled

Gets1 in the experimental setup which is shown in Figure 7.1. The two detectors are

a high-purity germanium detector which will be referred to as (EGG)~, and an in-

trinsic germanium detector in following abbreviated as (PGT)3~. Both detectors had

the same germanium crystal geometry, i.e., a 16-mm diameter 10-mm deep cylinder.

The thickness of the beryllium windows was 127 #m in both cases. The detector

setup efficiency is above 97% , i.e., more than 97% of the xenon Kc~ photons emit-

ted into the solid ’angle defined by the detector are detected. This already includes

the absorption due to the beryllium windows mounted in SuperEBIT and due to the

air between the SuperEBIT access port and the detector beryliium window (see also

Table 7.6, page 143). Due to mechanical constrains, however, the distance between

SuperEBIT and the detector window was about 50 mm larger for the PGT detector.

In particular, the optical path length through air was 95 mm for the PGT instead of

only 45 mm for the EGG. Thus, the solid angle of the PGT detector setup is only

0.0016 sr versus 0.0022 sr for the EGG detector setup.

The nominal resolution given for 5.9-keV x rays is 195 eV for the EGG detector

and 185 eV for the PGT detector. Using eq.(5.7) (page 73) the resolution at photon

energies of about 31.3 keV, i.e., the Ly-c~l transition energy, is 298 eV and 292 eV

for the EGG and PGT, respectively. Thus, the detectors are suitable to resolve the

xenon Ly-c~ transition which is separated from the adjacent spectral features, the

36High-purity germanium detector with a planar crystal geometry from EG& G ORTEC, Model

No. GLP 16195/10.
37Intrinsic germanium detector with a planar crystal geometry from Princeton Gamma Tech,

Model No. IGP 210185.
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Ly-ct2,3 blend and the ls2plP1 ~ ls21S0 transition in heliumlike xenon by more than

400 eV. Figure 7.17 shows the n _> 2 ---* 1 transitions of highly charged xenon recorded

with both detectors. The comparison between the two spectra shows that the EGG

detector has, actually, the higher resolution. In particular, the measured resolution,

which is inferred from the width of the recorded lines, is about 270 eV for the EGG

and 360 eV for the PGT detector.

In two to three l~;our intervals the detectors were switched between the SuperEBIT

observation port and the calibration stand shown in Figure 7.1. The Ka fluorescence

of cesium and barium was used for the calibration of the xenon spectra recorded at

the SuperEBIT port. Thus, the calibration stand was equipped with the radioisotope

13aBa, which after K-shell electron capture emits the Cs Ka x-rays, and the radioiso-

tope 241Am, which was covered with a barium window, thus, producing the Ba Ka

fluorescence. The activities of the radioisotopes were 0.59 pCi for the 13aBa source

and 9.84 #Ci for the 2*1Am source. The calibration stand was adjusted in such a way

that for the detector with the higher resolution the count rate of the Cs Ka emission

was about twice the average count rate of the Xe Ly-al transition when the detector

was placed at the observation port of SuperEBIT. Therefore, the count rate for the

Cs Kal x rays was higher, and for the Cs Ka2 x rays was lower than the count rate

for the Xe Ly-a~ x rays. Matching the count rates for measurement and calibration is

important for high-precision measurements since the electrical field across the germa-

nium crystal and, thus, the magnitude of the detected current pulse is sensitive to the

amount of electron-hole pairs created by photon impact. A spectrum combining the

barium, cesium, and highly charged xenon Ks emission is presented in Figure 7.18.

7.2.2 Analysis and calibration

The centroid position of the spectral features was determined using two different

line-shape functions for the fitting process. One result was obtained by assuming a

Gaussian line profile, the other by fitting a profile that accounts-for the response of
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Figure 7.17: Rydberg series of the n ___ 2 ~ 1 transitions in highly charged xenon

recorded with (a) a high-purity germanium detector (EGG) and (b) an intrinsic

germanium detector (PGT). Both detectors have a planar germanium crystal ge-

ometry of equal size, i.e., a 16-ram diameter 10-mm deep cylinder. The measured

resolution is about 270 eV for the EGG and 360 eV for the PGT detector. The spec-

tral feature around 33 keV x-ray energy are caused by highly charged barium that

comes from the electron g-un and, th~ts, is an impurity intrinsic to the SuperEBIT

device. Each of the two spectra represents roughly three hours of data acquisition

time.
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capturing a K-shell electron converts into an innershell excited 13aCs*. The barium

Ka radiation is emitted by a barium foil which is illuminated with the radioisotope

24ZAm causing K-shell l~hotoionization in the barium. All three spectra together

represent about 12 hours of data acquisition time.
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the germanium detector, i.e, Compton profile and escape peak behavior, as discussed

in Section 5.1.2 on page 73). The line centroid values determined by fitting tile EGG

spectra with the germanium detector profile are plotted as a function of SuperEBIT

runtime in Figure 7.19. The few times when the high voltage for the detector was

turned off are indicated in this plot, too. The result shows that there are significant

shifts over time in the positions of all lines. It clearly emphasizes the need of contin-

uous calibration for high-precision measurements. Otherwise, this long-term drift of

the pulse-height signal of the detector introduces a systematic uncertainty which is

more than an order of magnitude bigger than the statistical uncertainty based on the

number of counts in the spectral line.

In the present evaluation of the xenon Ly-al transition energy three different

ways accounting for the line shifts are compared. One result is obtained assuming

that the line shifts are purely statistical and, thus, .using the weighted average of the

measured line centroid positions for the evaluation of the dispersion and the transition

energy. The other two results account for the significant line shifts using the measured

time behavior of the line centroid positions for interpolation of the cesium Kal,2

centroid positions with respect to the time marking the measurement of the barium

and xenon spectra. A linear and a quadratic interpolation was applied for creating

the time-shifted setof cesium line centroid positions. With the adjusted cesium and

the barium line positions the dispersion of the detectors was determined. Both, a

linear and a non-linear dispersion relation was evaluated. For the determination of

the xenon Ly-ct~ transition energy only the slope of the detector’s energy dispersion is

of importance. The offset, i.e., the zero-order coefficient, was inferred from adjacent

cesium measurements. Additionally, all data taken with the EGG detector were also

fitted with a Gaussian profile and the Ly-al transition energy analyzed as described

above. The impact of tile different ways accounting for the line shape, the line shifts,

and the detector dispersion on the result, i.e., the xenon Ly-al transition energy

values, can be seen in Table 7.20.
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Figure 7. t9: Centroid positions of the spectral lines given in the arbitrary quantity

Channel Number recorded with the EGG germanium detector as a function of the

SuperEBIT runtime, i.e., the duration of the experiment. The statistical uncertain-

ties for the centroid positions are about the size of- in most cases actually smaller

than -- the symbols used in this plot. Thus, the shifts in the centroid positions are

significant. The dashed lines indicate when the high voltage power Supply for the

EGG detector was turned off. The shutdown at the ll-day time mark was caused

by a high-frequency transient in the electrical system.

The energy values for the calibration lines are from the CRC Handbook for Chem-

istry and Physics [1431 and are listed in Table 7.19. These values are taken from a

paper by Bearden published in 1967 [1441 and require correction due to changes in

the value for the voltage-wavelength product (V A) and the value for the conversion

factor of the wavelengl;h units (/1~*//I~) [145]. The ~*/~ correction incorporates also
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the most recent result of the 2d spacing of the (220) oriented lattice planes in a nearly

perfect silicon Crystal I146, 1471 (see Table A.1, page 194). Additional adjustment 

required for the uncertainties, which reflect the probable error (abbreviated as "p.e."

in the wavelength and energy compilation by Bearden) which is defined as a 50%

confidence limit and does not include the uncertainty of the ~* unit due to the uncer-

tainty of the W Kc~l measurement. Even though the original paper 1144[ emphasizes

the fact that Gaussian statistics was not applicable for most data, it seems to be the
¯- ~ ,j

standard approach to convert the "p.e." values to a 67% confidence limit by assuming

Gaussian distribution and, thus, to multiply the uncertainty values by a factor of 1.48

(e.g. [148, 149, 1181). For the calibration both the cesium and barium transition

energy values were taken from the widely used compilation by Bearden. The most

recent measurement available for the barium Ka transition energies I1501 is also listed

in Table 7.19. The implementation of this values for the barium Ka lines would cause

a decrease in the measured hydrogenlike xenon line by less than 0.5 eV, i.e., less than

16 ppm.

The dispersion of the germanium detector was determined utilizing a linear and

quadratic regression. The’ result of the non-linear regression gave a high uncertainty

in the higher Order terms showing that the constellation of the four calibration points

Cs Kal,2 and Ba Kal,2 is sufficiently described by a linear regression. The high uncer-

tainty in the non-linear terms propagates through the whole analysis and increases

the uncertainty of the final result of the transition energy, as seen in Table 7.20. The

first row of values in Table 7.20 was obtained by simply taking the weighted average

of the measured line positions for the Cs Kc~1,2 lines, the Ba Kal,2 lines, and the Xe

Ly-a~ line. This approach does not account for the shifts of the centroid positions

displayed in Figure 7.19. Neglecting this significant line shifts introduces a systematic

uncertainty which is not included in the result of (31273.1 + 5.3) eV. The big differ-

ence between the energy values obtained when applying a Gaussian profile instead of

the germanium detector profile proves the significance of the impact on the symmetry
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Table 7.19: Transition energies of the cesium and barium calibration lines. The

energy values in column EcRc are taken from the compilation published by Bearden

[144]. These values are also listed in the Handbook o] Chemistry and Physics [143].

Eadj are the adjusted energy values incorporating the current values for the x-ray

standards [145] and the most recent measurement of the 2d spacing of the Si (220)

crystal [146, 147]. Only for the Ka emission of barium a more recently measured

value is available, Erec [150]. This value, too, w~ adjusted to the current x-ray

standards.

CsKa2 30625.1(3) 30626.32(44)

Cs Kal 30972.8(3) 30974.06(46)

Ba Ka2 31817.1(4) 31818.39(61)

BaKal 32193.6(3) 32194.89(50)

31816.62(6)

32193.27(7)

of the measured line profile due to the detection mechanism of a germanium detector.

In fact, the lower resolution of the PGT detector did not allow a successful fit of the

recorded spectra when using a Gaussian profile. But even when applying the germa-

nium detector profile the results obtained with the PGT detector are unsatisfactory

due to the rather poor resolution of the spectra. Therefore, no result was obtained

using a non-linear line position interpolation and detector dispersion determination

for the PCT data.

Accounting for the shift of the centroid positions improves the result with respect

to the uncertainty indicating less scatter of the individual transition energy values

obtained for each xenon spectrum. The difference between linear and non-linear

interpolation of the line centroid position is within the uncertainty of the measured

transition energy values. This indicates that additional refinement of the function
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Table 7.20: Comparison of the results for the xenon Ly-al transition energy. The

different results are obtained by fitting the recorded, lines with a Gaussian profile

(Gaufi) and a germanium detector profile (Ge-det). Neglecting the shifts of the 

centroids over time yields the "none" values. Applying a linear and a non-linear

interpolation for the determination of the time dependence of the line centroid po-

sitions reduces the scattering of each value and, thus, reduces the uncertainty of the

results. The "none" and "linear" values are based on a linear dispersion of the ger-

manium detector. The "non-linear" results also implement a non-linear dispersion.

The increased uncertainty arises from the uncertainties of the higher order terms

in the non-linear dispersion showing that the constellation of the four calibration

points Cs Kc~1,2 and Ba Kal,2 is sufficiently described by a linear regression. The

large deviation of the PGT result from the theoretical value is not surprising consid-

ering the rather poor resolution (see Figure 7.17). The implementation of the more

recent energy values for the barium Kc~ lines (listed in Table 7.19) would cause 

decrease in the measured hydrogenlike.xenon line by less than 0.5 eV, i.e., less than

16 ppm.

Xe53+ Ly-al transition energy (eV)

Adjustment EGG PGT

Gaufl Ge-det Ge-det

none 31266.9 + 4.2

linear 31271.3 + 4.0

non-linear 31270.6 + 5.3

31273.1 +5.3

31279.2 + 1.5

31278.5+ 1.7

31267.9 ± 5.5

31266.0± 4.1

Theoretical prediction: 31283.77 + 0.09

describing the time dependence of the line positions is not necessary.
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7.2.3 Discussion

The following discussion focuses on the result with the smallest uncertainty, i.e., the

measured xenon Ly-al transition energy of (31279.2 + 1.5) eV obtained applying

a germanium detector line profile, linear dispersion, and linear interpolation for ad-

justing the eentroid positions of the calibration lines with respect to the time of

measurement. Although this value is closest to the theoretical prediction of Johnson

and Soft I271, i.e., Eth~o = (31283.77 + 0.09), there is still a significant disagreement

of 4.6 eV (~ 150 ppm) between the measured and the theoretical value, which 

more than three times the l-a confidence limit of the measurement. Such a result is

very surprising since the atomic structure of hydrogenlike system is well understood.

That well, in fact, that it is common practice using theoretical predictions for the

transition energies as a calibration reference I151, 152].

Since the measured value depends on the transition energy values used for the cal-

ibration lines, the disagreement could very well arise from those cesium and barium

Kc~ transition energy values listed in Table 7.19. As mentioned above, those values

are from an x-ray wavelengths compilation published by Bearden I1441. In this paper

Bearden discusses the difficulty of the line centroid assignment due to some asym-

metry of the measured line profiles. Taking the position of the line peak instead of

the line centroid seemed at that time the best solution. Thus, strictly speaking those

values are only applicable if the experimental setup, i.e., the spectrometer and the x-

ray source, reproduces exactly the same line profile and radiation, that was observed

in the measurement which the calibration values are based on and, thus, the line

peaks can be evaluated instead of the line centroids. Even under the assumption that

those calibration spectra contained lines with a symmetric profile and, therefore, the

peak and centroid position are identical, the compatibility is not guaranteed unless

the same type of x-ray source is used. The standard equipment for those calibration

measurements was a flat-crystal spectrometers and an x-ray tube. The calibration

in the present measurement, however, is based on the characteristic Ka x-ray fluo-
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rescence involving radioisotopes. In particular, the cesium Ka radiation is emitted

by the radioisotope 13aBa after a K-shell electron capture reaction, and the barium

Ka fluorescence is the radiative decay after photoionization due to illumination of

the barium foil with the radioisotope 241Am. In X-ray tubes, however, the character-

istic Ka x-ray fluorescence is emitted in response to electron-impact ionization and

perhaps electron-impact excitation. The energy density deposited into the target by

electrons is much higher than by photons and, thus, shake--up and shake-off processes

are more common in an x-ray tube target than in a radioisotope based x-ray source

1153, 154]. These changes in the excitation and ionization stages, naturally, shift the

energy of the emitted characteristic x rays. Moreover, the heat load onto the anode in

an x-ray tube requires sometimes the use of a more heat resistive compound, which

causes a shift in the energy of the emitted characteristic x-rays, too. The change in

the level structure due to the surrounding material might be an important argument

against the use of the laaBa radioisotope for high precision measurements utilizing

the characteristic cesium Ka fluorescence.

Additionally, the position of the line centroid can be shifted due to scattered pho-

tons which have a slightly lower energy. The design of the Calibration stand used for

this measurement, for example, did not include any aperture in order to reduce the

intensity of characteristic x rays which reach the detector alter being scattered from

the wall. The perfect design, of course, would be a replication of the SuperEBIT

setup with respect to the geometry and the materials. Such a calibration stand, thus,

would provide the same conditions for emitted cesium and barium x rays, as there

are for the x rays emitted by the highly charged xenon ions.

The decision whether the disagreement between the measured and the theoretical

value for the xenon Ly-a~ transition energy is due to inaccurate transition energy

values of the calibration lines, or a reevaluation of the theory for the atomic structure

of the hydrogenlike ions is necessary, depends on the availability of high-precision

measurements regarding the characteristic cesium Ka x rays emitted by the 133Ba ra-
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dioisotope. This measurement, however, certainly proves that continuous calibration

of the measured spectra is necessary to account for long-time drifts of the detector

response. These significant shifts of the line centroid position over time also limit
{

the maximum accuracy achievable with those germanium detectors. Estimating the

accuracy using plain statistical considerations gives an uncertainty of only +0.16 eV

for the Ly-al transition energy measured with the EGG detector which accumulated

a total of 526000 counts in the hydrogenlike xenon line. This shows that the uncer-

tainty is not at all limited by counting statistics and further improvement with respect

to the accuracy requires the implementation of instruments with a higher resolving

power.

7.3 Conclusion ~1

The current measurement opened a window on high-resolution hard x-ray spec-

troscopy of highly charged ions. All previous measurements involving the n -- 2 ~ 1

transitions in highly charged xenon were based on solid state detectors [155, 156, 134]

The low resolution of these detectors in comparison with a crystal spectrometer

limits the achievable accuracy as demonstrated in Section 7.2. Although the current

measurement of the xenon Ly-o~1 transition energy is about six times more accurate

than the so far most precise measured value [1551, it actually shows that further refine-

ment in the experimentally achieved transition energy values requires spectrometers

with a much higher resolving power than it is offered by solid state detectors.

The successful implementation of such a high-resolution spectrometer is demon-

strated in Section 7.1. The instrument, a transmission-type crystal spectrometer,

shows a ten times higher resolving power than the best germanium detector currently

available. The high resolution enables the separation of the heliumlike transitions z

(ls2saS1 --, ls2 1S0)and y (ls2p3p1 ~ ls2 1S0), and of the heliumlike transition 

(ls2p 1P1 --* ls~ 1So), the lithiumlike transition q (1s2s2p2P3/2 ~ ls2 2s 2S1/2) and

the hydrogenlike Ly-a2,a blend (2pt/2 ~ lsl/2, 2sl/2 --* ls~/2. Even though the mea-
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sured cross sections have uncertainties above 10%, significant disagreement is found

between the measured and theoretically predicted values for the transitions in he-

liumlike Xe52+. The theoretical values are fully relativistic distorted wave function

calculations, which do not include the Breit interaction. The measurement shows,

however, that the contribution due to the Breit interaction between the two bound

and the free electron must be of significant magnitude. Preliminary results3s of calcu-

. lations including the Breit interaction according to I5] are in perfect agreement with

the measured values.

The crystal curvature is currently the limiting factor with respect to the resolving

power. Instrumental improvements must focus on a different way of bending the

transmission crystal, such as using a preshaped foam mask Which hosts the crystal in

a sandwich-type arrangement.

3SHonglin Zhang, private communications.
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8 Summary

8.1 Results

This work successfully demonstrated the feasibility of extending spectroscopical plasma

diagnostic tools to the hard x-ray regime. The results of the high-resolution spectro-

scopic measurements on highly charged krypton and xenon include the first excitation-

energy selective measurement of the dielectronic recombination resonances in the he-

liumlike krypton Ka spectrum, the first level-specific measurement of the n = 2 --, 1

transitions in heliumlike and hydrogenlike xenon, and the first determination of the

electron-impact excitation cross section in heliumlike systems that are heavier than

iron, i.e., with an atomic number Z > 26. In particular:

Krypton: The excitation-energy selective spectra, presented in Figure 6.3,

page 119, enable the separation of transitions that have the same x-ray energy

but strongly depend on the excitation energy.

¯ The measurement of the wavelengths and transition energies supports the

latest development of the atomic structure calculations of heliumlike sys-

tems and shows the need for a thorough treatment of the QED effects.

The presented transition-energy measurements have an accuracy of about

30 ppm and, therefore, are sensitive to test the 1.4-eV QED contribution

to the energy of the ls2s configuration I152]. The wavelengths calibra-

tion of the krypton spectra was performed using well known lines of the

Ka emission of hydrogenlike manganese and heliumlike and berylliumlike

iron.

¯ The excitation-energy selective spectra show that the "forbidden" transi-

tion 1s2s3S1 ---. ls21S0, i.e., line z in Figure 6.3, is the best suited candidate

among the heliumlike transitions for the determination of the ion temper-

ature. This preference arises from the relatively small overlap -- regarding
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the x-ray energy -- with dielectronic satellite lines.

¯ The KLL (ts2s2/excited level) DR resonances in lithiumlike krypton were

identified and their wavelengths measured (see Table 6:3, page 122). The

wavelengths are determined relative to the heliumlike transitions.

Xenon: The development of a DuMond-type transmission crystal spectrome-

ter was the base of the experimental effort presented in Chapter 7. The low

x-ray flux emitted by SuperEBIT requires special care with respect to the in-

strumental efficiency. Utilizing a transmission-type crystal and operating the

spectrometer in monochromator mode, thus, providing almost 100% detection

efficiency by employing a germanium detector, were important steps,in achiev-

ing the spectra of heliumlike and hydrogenlike xenon shown in the Figures 7.3

and 7.4. The investigation of the xenon spectra includes the line positions for

the determination of thetransition energies, and the line intensities which were

used for the determination of the electron-impact cross sections.

The Ka transition energies were determined relative to the transition en-

ergy of the xenon Ly-al line. The precision is in the 3 to 6-eV range and

is limited by counting statistics.

Utilizing two germanium detectors, the xenon Ly-al transition energy was

measured with respect to the current x-ray standard. This measurement,

motivated by the need for a calibration of the recorded transmission spec-

tra, shows the impact of the detector’s long-time stability on the achievable

precision, in particular, 50 ppm whereas the uncertainty due to counting

statistics was only 5 ppm. The measurement demonstrates the limitation

of low-resolution devices and, thus, emphasizes the need of high-resolution

spectrometers. The disagreement between the measured xenon Ly-al tran-

sition energy and the theoretical prediction is somewhat surprising. How-

ever, this disagreement does not necessarily call for a correction in respect
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to the widely accepted theoretical values for the transition energies of the

hydrogenlike isoelectronic sequence. The difference most likely reflects the

shift between the line centroid and the peak position due to the asymme-

try of the line profile in the spectrum the cesium calibration values are

extracted from. Therefore, a reevaluation of the commonly used x-ray

wavelengths table for atomic inner-shell transitions is required.

The determination of the electron-impact cross sections relative to the ra-

diative recombination cross sections is a very successful demonstration of

the functionality of the developed transmission-’type spectrometer. Ad-

ditionally, these measured cross sections benchmark the development of

atomic codes in the medium and high-Z regime. In particular, the mea-

sured values show the significance of the Breit interaction in this electron-

energy regime and, therefore, the importance of including the Breit inter-

action in the calculations.

EBIT/SuperEBIT: The discussion of the electron beam properties, which

includes the relativistic treatment of the electron motion39, lead to the deriva-

tion of the space charge assuming a Gaussian electron density distribution, see

eq.(4.25) on page 35. By applying a simple model it was shown (Figure 4.8,

page 41), that due to the drift tube geometry the electron beam always creates

an axial trapping potential even without applying a potential difference between

the drift tubes. Additionally, the space charge compensation factor was inferred

from two measurements, presented in Table 4.4, and on page 149.

39None of the published papers that include a discussion about the electron-beam properties, such

as electron density or space charge potential, of EBIT or SuperEBIT apply relativity.
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8.2 Suggestions for future research

There is a wealth of information contained in the krypton spectra, which has not

been exploited so far. The goal is the identification of all dielectronic resonances,

and the determination of their position but also of their relative intensities. Such

a complete set of experimentally achieved atomic data is imperative for correct and

accurate interpretation of spectra obtained from the various plasma sources as well

as for correct predictions of the energy transfer in plasmas by means of radiation and

electron-ion collisions.

The charge exchange cross sections between highly charged xenon ions and neutral

neon atoms, presented in Table 7.13, show a very interesting pattern, namely, that

the charge exchange between the neutral neon atoms and hydrogenlike xenon ions is

definitely favored compared to the charge exchange between the neutrals and bare or

heliumlike ions. A verification of this result is desirable and might shed some light

on the dependence of the charge exchange process On the total angular momentum

of the highly charged target ions.

The measurement of the xenon Ly-c~l transition energy using the germanium de-

tectors indicates that the tabulated transition energy values of the characteristic Kc~ x

rays of some elements have a systematic uncertainty due to the definition of the tran-

sition energy and wavelength, respectivel3t as the peak value of the spectral feature.

This definition does not account for the asymmetric appearance in the measurement

the tabulated values are based on. High-precision measurements, thus, might have to

be based on a different calibration, as presented in the measurement of the transition

energies in heliumlike krypton, i.e., the calibration with respect to hydrogenlike Ly-ct

x rays. In fact, the theoretically predicted values might reach such a precision that

hydrogenlike lines could be used as the new x-ray standards.
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8.2.1 Instrumental improvements

¯ SuperEBIT: Replacing the kerosene cooling system with a less corrosive liquid,

e.g., purified water, which is the prime candidate with respect to the environ-

ment, would certainly improve the reliability Of the SuperEBIT device opera-

tion.

¯ Position sensitive proportiona! counter: Implementation of a resistive delay line

on each side of the anode wire array would add a second spatially resolved

dimension. A two-dimensional detection of the spectrally decomposed image

of the electron beam is important for a yon H~imos spectrometer setup when

crystals with a small radius of curvature are used, as shown in Figure 5.6 on

page 85.

¯ Crystal bender: The variable crystal bender, designed for the transmissi0n-type

spectrometer, offers too many degrees of freedom for crystals that have a small

elasticity module, i.e., crystals that easily deform plastically, such as lithium

fluoride. A new crystal bender was designed, where the crystal is basically

pressed into the desired shape by a set of prefabricated blocks made out of a

low-Z, low density material. The new design, however, has not been tested,

yet.

¯ Transmission-type spectrometer: An advanced design of the developed crystal

spectrometer could host a set of crystals behind each other, since the non-

resonant transmission of hard x-rays is very high due to the thinness of the

crystal. Thus, different crystals could "filter" different x-ray energies.
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A Table of physical constants

Table A.I: List of fundamental physical constants used in this thesis¯ Unless

specified the values are taken from Cohen and Taylor [145]. More recent values were

incorporated if they had a higher or equal precision. The column symbol gives, of

course, only the most common notation used for the specific quantities. The column

Aret lists the relative uncertainties.

Quantity Symbol Values & Units A~d

ppm

Ref.

speed of light in vacuum

permeability of vacuum

permittivity of vacuum

Plan& constant

elementary charge

electron mass

Boltzmann constant

Rydberg constant

wavelength voltage product

X-ray wavelength unit

/~* unit

lattice spacing of Si(220) 

vacuum, at 22.5 °C

CO

#o

60

h

e

Co

k

Roo

AV

d22o

299792458 m ’,(exact)S
V s (exact)4rr. 10-z

8.854187817 ’ .10-12 As (exact)¯ VEi

6.6260755- 10TM Js 0.60

1.60217733.10-19 As 0.30

9.1093897-10731 kg 0.59

1.380658- 10.23 ± 8.5K

1.0973731534- 10s ± 0.0012
m

12398.4243 eVA 0.60

A (W Keel) = 0.2091 ~1t*

1.00001481.10-!o m 0.92

1.92015540.10-l° m 0.21

[1441

1146, 1471
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B Velocity of electrons accelerated by an electro-

static field

The kinetic energy of an electron is equal to the electron charge times the accelera-

tion potential, i.e., E~in = Epot = eU, where e is the elementary charge and U the

acceleration potential. Generally, the kinetic energy can be expressed as the gain in

the electron mass (Am) times the speed of light in vacuum square (Co2), i.e.,

(B.O

(B.2)

Thus, the speed of the electron is:

I
(

vrel = co 1 - ~ m°c°2 + eU,] (B.3)

In the non-relativistic case where the electron speed is much less than the speed of

light the factor 7 can be sufficiently characterized by following expansion,

1

7= 1- "~1+ 2Co2 , (B.4)

and eq.(B.3) modifies to:
/

= ~/2 e U (B.5)Vcl V mo

’In Figure B.1 the electron speeds obtained with the relativistic and non-relativistic

formulae are compared, and it clearly shows the systematic overestimation of the elec-

tron speed when using the non-relativistic relation. Moreover, it shows that above an
mo co2 511acceleration potential of U - -- -~ -- kV the classic treatment yields electron

2e 2
velocities that exceed the speed of light. For practical purposes, it is very handy to

express the acceleration voltage in terms of the relative systematic uncertainty in-

troduced when using the non-relativistic approach. Defining the relative systematic
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uncertainty as

Av- Vcl - v,.d , (B.6)
Vrel

the upper limit of the acceleration voltage in order to not exceed a given relative

systematic uncertainty is:

If, for example, the relative systematic uncertainty of the calculated electron velocity

should be below 1%, then the classic approach is limited to acceleration potentials

below 6.8 kV. A graph showing the dependence of the maximum acceleration voltage

on the limit of relative systematic uncertainty is shown in Figure B.1.

1.2 .... i .... | .... i .... i .... i ....

.... (a) .....speed of light in vacuum

0.4

0.2

0.0 .... i .... ~ .............. , ....

40 0

°~ 30

._o 20
S
E
(1) 10

09

o
o

50 100 150 200 250 300
.... i ................ i .... .

50 100 150 200 250 300
Acceleration Potential (kV)

Figure B. 1: Comparison of relativistic versus non-relativistic treatme!lt for deter-

mination of the electron speed in the presence of a acceleration potential U. Graph

(a) shows the overestimation of the electron velocity (given as fraction of the speed 

light in vacumn) when applying classical mechanics. (b) gives the difference between

relativistic and non-relativistic calculation in percent (refer to eq.(B.6)).
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